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ABSTRACT 
 
Post-combustion capture using amine-based solvents has been 
considered as the most viable technology for carbon capture, to mitigate 
industrial carbon dioxide (CO2) emissions; but the solvents show a number of 
shortcomings. Recently, ionic liquids (ILs) are suggested as possible 
alternative to amine-based solvents, for they can be molecularly engineered to 
match various target thermophysical properties. This work focused on the 
development of systematic approaches to design IL-based solvents for carbon 
capture purpose. The first focus of this work is to develop an insight-based 
based visual approach to determine potential IL solvents as substitute to 
conventional carbon capture solvents. This approach allows visualisation of 
high-dimensional problem to be visualised in two or three dimensions, and 
assist designers without mathematical programming background in IL design. 
Following that, a mathematical optimisation approach to design optimal IL 
solvent for CO2 capture purpose was developed as second focus of this thesis. 
This has been done by formulating the IL solvent design problem as mixed 
integer non-linear programming (MINLP) optimisation problem. The 
abovementioned approaches were developed to design task-specific ILs with 
high CO2 absorption capacity as substitute to common carbon capture 
solvents. However, studies show that such ILs are relatively more expensive 
and have higher viscosities. To reduce the cost and viscosity of solvent, task-
specific IL can be mixed with conventional IL, ensuring CO2 solubility 
remains high, while viscosity and cost are acceptable. Hence, the previously 
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developed visual approach was extended to design pure ILs and IL mixtures, 
specifically to capture CO2.  
 
In order to ensure the designed IL is performing at its optimum 
(highest CO2 solubility in this case), the operating conditions of the carbon 
capture process shall be considered because they will affect the 
thermophysical properties and CO2 solubility of ILs. Therefore, the forth focus 
of this work will be incorporation of operating temperature and pressure into 
design of IL solvents. Similarly, the design problem was formulated as 
MINLP problem and solved using mathematical optimisation approach, where 
operating temperature and pressure were defined as variables through 
disjunctive programming. Replacing solvent for carbon capture system to IL-
based solvent or installing carbon capture system will affect the overall 
process, as this will affect the utilities consumption of carbon capture system. 
Therefore, process design has been integrated with IL design in this thesis, to 
study how the solvent substitution affects the entire process, and followed by 
retrofitting of the entire process including carbon capture system accordingly. 
The design problem was formulated and solved as MINLP problem. Finally, 
this thesis concludes with possible extensions and future works in this area of 
research work.   
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CHAPTER 1 
 
INTRODUCTION 
 
Climate change is now regarded as a major issue to the society, mainly 
due to greenhouse gases (GHGs) emissions which include carbon dioxide 
(CO2), methane (CH4), nitrous oxide (N2O) and ozone (O3) (Hosseini et al., 
2013). CO2 makes up the vast majority of GHGs and it is claimed to be 
responsible for 60% of the global warming caused by GHGs (Houghton et al., 
2001). In October of 2016, global atmospheric CO2 concentration were 
reported to be at 402.31 ppm (Dlugokencky and Tans, 2016), which is higher 
than the upper safe limit of 350 ppm (Rockström et al., 2009). In fact, 
atmospheric CO2 levels have been above 350 ppm since early 1988. On top of 
that, human activities are altering the carbon cycle, by adding CO2 to the 
atmosphere continuously and removing natural CO2 sinks, such as forests. 
According to Intergovernmental Panel on Climate Change (IPCC), the human 
activities contributing to CO2 emissions include energy supply, transportation, 
industrial processes and forestry (IPCC, 2007). Study showed that most of the 
CO2 released into the atmosphere originate from the combustion of fossil 
fuels, which is approximately 99% of global annual CO2 emissions of close to 
32 Gt (Hoeven, 2013). Despite this, fossil fuel is still projected to continue its 
supply to meet 77% of the world energy demand for year 2020, as shown in 
Figure 1-1 (U.S. Energy Information Administration, 2016). This is due to its 
availability, reliability, low cost, and energy density (Figueroa et al., 2008). 
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Figure 1-1: Estimated world net electricity generation by fuel in 2020 
 
In order to reduce the environmental impacts, researchers have been 
working on improving efficiency of current technologies and searching for 
alternatives to fossil fuels (Varun et al., 2009; Weisser, 2007). The use of 
sustainable energy sources such as solar, tides, hydropower, geothermal and 
wind energy have the potential to meet the demands of modern society (Asif 
and Muneer, 2007). These options are very attractive due to their low carbon 
emissions, but they are often subject to significant geographical limitations, 
which hinder the implementation of renewable energy. Nuclear power is 
another prospective replacement to fossil fuels, with its mature technologies, 
high energy density, and low-carbon emissions. However, in the wake of the 
2011 Fukushima disaster in Japan, nuclear power has raised public concerns 
(e.g. on safety, health, and long term environmental issues) over its use. 
 
Due to the drawbacks of renewable energy and nuclear power, fossil 
fuels still remain as a major contributor to the world’s energy supply in the 
20% 
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future (Quadrelli and Peterson, 2007), especially in developing countries 
characterised by growing economies and rising energy demands. Since the 
usage of fossil fuels is inevitable and fossil fuel based technologies are well 
established, there is a need to find an alternative to reduce CO2 emission from 
power generation using fossil fuels. Recently, carbon capture storage (CCS) 
has gained the attention of the society for its possibility to mitigate climate 
change by reducing industrial CO2 emissions (Pires et al., 2011). Studies 
presented by Cuéllar-Franca & Azapagic (2015) shows that the potential of 
causing global warming for a plant can be reduced by 63 – 82 % via CCS.  
 
1.1 Carbon Capture and Storage 
Carbon capture and storage (CCS) involves carbon capture (isolation 
of carbon dioxide, CO2 from process gas streams) and carbon storage 
(captured CO2 is sent for storage in an appropriate geological storage 
reservoir), as its name suggests. Currently, there are four CCS techniques as 
listed below:  
1) Post-combustion: CO2 is captured from flue gases released after fuel 
combustion. 
2) Pre-combustion: CO2 is captured from synthetic gas before fuel 
combustion. 
3) Oxy-combustion: CO2 is removed from air and captured prior to the 
fuel combustion. 
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4) Chemical looping combustion: CO2 is captured by using metal oxide, 
during the fuel combustion with oxygen. 
Using these techniques, typically up to 90 % of CO2 released in power plants 
can be captured (Folger, 2013). The captured CO2 is compressed for secure 
storage in various geological formations, such as depleted oil or gas reservoirs, 
inaccessible coal deposits, saline aquifers and other geological structures of 
sufficient integrity. 
 
Among the four techniques, post-combustion and pre-combustion have 
been widely applied for gas purification in industrial processes. Some 
technologies that can be considered near-term have been tested at coal-fired 
power plants of 5 to 25 MWe (Global CCS Institute, 2012). On the other hand, 
oxy-fuel combustion and chemical looping combustion are still in the early 
stage of process development, where both are being tested in pilot-scale plant 
(D’Alessandro et al., 2010; Figueroa et al., 2008). While all these approaches 
are capable of capturing CO2 at high efficiencies, they still possess some 
drawbacks such as high cost and high energy consumption, leading to the lack 
of full-scale applications of carbon capture on fossil fuel-fired power plants. 
 
For CCS to succeed at reducing industrial CO2 emissions, carbon 
capture technology would need to be deployed widely. This would depend on 
the cost and reliability of the capturing technology. Currently, post-
combustion capture based on aqueous amine scrubbing is the most reliable 
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technology among all carbon capture technologies (Rochelle, 2009). However, 
amines possess some disadvantages such as solvent loss due to high vapour 
pressure, degradation of solvent in the presence of pollutants, and high 
equipment corrosion rate (Yu et al., 2012; Zaman and Lee, 2013). Besides, 
using amines as solvent is costly as large absorber volume is required and high 
amounts of energy is required during solvent regeneration (Olajire, 2010). To 
overcome these problems, much research has been devoted to synthesise new 
solvents and materials for carbon capture, such as absorption solvents, solid 
adsorbents, membranes, and even biomimetic approaches (Herzog et al., 
2009). These materials are attractive with their own advantages, but still have 
some drawbacks such as low selectivity, require energy intensive regeneration, 
cause membrane fouling, and loss of solvents (Herzog et al., 2009; Spigarelli 
and Kawatra, 2013). 
 
1.2 Background Problems 
Recently, ionic liquids (ILs) have been proposed as a substitute to 
current commercial carbon dioxide (CO2) capturing solvents (Maginn, 2007). 
ILs are organic salts that remain as liquid at close to ambient conditions, and 
consist of large organic cations and inorganic or organic anions of smaller size 
and asymmetrical shape. The ionic nature of ILs results in a distinctive 
combination of properties, which includes large liquid-phase range, non-
flammability, high thermal stability, and most importantly, extremely low 
vapour pressure (Seddon, 1997). These means ILs can potentially be 
environmentally benign or ―green‖ solvents, replacing the conventional 
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volatile organic compounds (VOCs). Furthermore, their physical and chemical 
properties can be finely customised by proper selection of cations and anions 
(Rogers and Seddon, 2003). However, it is estimated that at least 10
6
 unique 
combinations of cation and anion exist, and all can be prepared in laboratories 
(Plechkova and Seddon, 2008). It will be a challenging task to determine a 
suitable IL for carbon capture merely through experimental works.  
 
Hasib-ur-Rahman et al. (2010) showed that pure ILs designed 
specifically to absorb CO2 can have high CO2 absorption rate and capacity, but 
they generally have relatively higher viscosities and are more expensive 
(Wang et al., 2013). To reduce the viscosity and cost of the designed solvent, a 
mixture of task specific ILs and conventional ILs can be used instead. This can 
ensure that the CO2 solubility of solvent remains high, while its viscosity and 
cost are acceptable. However, if binary and tertiary mixtures of ILs are 
considered, Holbrey and Seddon (1999) estimated that there are about 10
18
 
theoretically possible combinations. It will be more costly and time 
consuming, as compared to pure IL, to determine the optimal IL solvent 
(either pure IL or IL mixture) for carbon capture purpose through 
experimental works only.  
 
On the other hand, ILs have different CO2 solubility with respect to 
temperature and pressure, this will have different effects on the carbon capture 
process (Ali et al., 2013b). Designing IL solvents at fixed conditions (i.e. 
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temperature and pressure) may result in suboptimal or inefficient solvent, 
given the process can operate at a wide range of operating conditions. As such 
it is necessary to identify optimal carbon capture conditions of the chosen or 
synthesised ILs, during the solvent design stage itself. 
 
In product design problems, the product is generally designed based on 
the components, without considering the process that the product is involved 
with. In this case, the product is identified by targeting relevant properties and 
fulfilling certain constraints, which gives desired functionalities. By doing so, 
the performance of designed product within the process is neglected, and may 
result in a product with good target properties but unfavourable for the 
process. For example, IL solvents designed to possess higher CO2 solubility 
will reduce the amount of solvent required in the process, as well as the raw 
material cost. This might, however, increase the energy consumption during 
solvent regeneration that directly affects the operating cost, and increases the 
overall cost of the process. Hence, to avoid such problems, product design and 
process design problems should be integrated and solved together. The 
research development and gap will be discussed further in Chapter 2.  
 
1.3 Research Objective and Scopes 
The objective of this work is to address the abovementioned problems 
faced during the design stage of pure ionic liquids (ILs) or IL mixtures as 
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carbon capture solvents, also to connect solvent design problem with process 
design problem and solve these problems systematically. 
 
Based on the problems discussed in Section 1.2, the scopes of this 
research can be summarised as follows and each will be further explained in 
Chapter 3: 
1) To develop an insight-based visual approach to assist the process of 
pure IL design, with multi properties consideration, to provide insight 
to user regarding design problem and results. 
 
2) To develop a systematic mathematical optimisation approach to aid the 
design of optimal pure IL for enhanced carbon capture process. 
 
3) To develop a visual approach to assist the design of pure IL or IL 
mixture for carbon capture purpose with multi properties consideration 
by using experimental data and property prediction models. 
 
4) To develop a systematic methodology to determine task-specific IL as 
carbon capture solvent and the corresponding optimal operating 
conditions of carbon capture process using designed IL solvent. 
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5) To develop an approach integrating process design and IL design to 
identify IL-based solvent for carbon capture purpose, considering the 
effect of this design on the entire process. 
 
1.4 List of Achievements 
The research objective and scopes presented in Section 1.3 has been 
achieved, where each is described in details in the following chapters. The 
achievements are summarised and listed as following:    
1) Development of insight-based visual methodology to identify potential 
pure ionic liquids (ILs) to substitute conventional carbon capture 
solvent. 
 
2) Development of mathematical optimisation approach to design optimal 
IL-based carbon capture solvent. 
 
3) Extension of visual approach to determine pure IL and IL mixture 
solvents for carbon capture purpose. 
 
4) Extension of mathematical optimisation approach to identify optimal 
IL solvent and its optimal operating conditions for carbon capture 
purpose. 
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5) Integration of IL design and process design by considering the effects 
of designed IL solvent on the overall process. 
 
1.5 Thesis Outline 
The outline of this thesis is presented in this section. Chapter 1 
introduces carbon capture and storage (CCS) to readers and presents the 
background problems faced by designers during the design of ionic liquid (IL) 
solvents for carbon capture purpose. Research objective and scopes of this 
research work are also briefly presented in Chapter 1. Chapter 2 presents 
critical literature review on carbon capture solvents (both chemical and 
physical solvents) currently available, various applications of ILs, different 
computer-aided molecular design (CAMD) techniques, and the currently 
available property prediction models for ionic liquids (specifically on density, 
viscosity, and CO2 solubility). Following these, research gap is discussed at 
the end of Chapter 2. This leads to detailed discussion of research scopes and 
research methodologies in Chapter 3. 
 
Various novel approaches to design IL or IL mixture specifically for 
carbon capture purpose are presented in Chapter 4 to 8. Firstly, a visual 
approach for pure IL solvent design is introduced in Chapter 4, which is able 
to determine potential pure IL solvents according to multiple target properties. 
This approach enables users to solve IL design problem visually, and provides 
users useful insights about the problem. Following that, a mathematical 
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optimisation approach to design pure IL solvent as carbon capture solvent is 
presented in Chapter 5. This methodology is able to determine the optimal IL 
based on the main objective of the problem, through property estimation and 
consideration of all relevant constraints. The visual approach developed in 
Chapter 4 is further extended to solve pure IL and IL mixture design problem, 
which will be presented in Chapter 6. The proposed approach can utilise either 
the experimental data of relevant properties of ILs or predicted properties of 
ILs, or even both together, depending on the availability of data or prediction 
models.  
 
As a first step to integrate process design with IL design, Chapter 7 
presents an extension of the methodology in Chapter 5, by considering the 
effect of operating conditions on IL solvent design. This approach designs the 
optimal IL as carbon capture solvent, and determines the corresponding 
optimal operating conditions of carbon capture process. In chapter 8, a 
systematic approach to identify optimal IL-based carbon capture solvent, by 
considering the effects on overall process is presented. Information of the 
process that has carbon capture system installed is used to determine the 
optimal IL solvent and its optimal operating conditions, followed by 
retrofitting of the entire process to ensure the addition carbon capture system 
is favourable. Lastly, the summary of achievements and contributions of this 
research work up till now is included in Chapter 9. Potential future works and 
improvements for the developed approaches are also discussed in the same 
chapter.  
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CHAPTER 2 
 
LITERATURE REVIEW 
 
2.1 Ionic Liquids as Alternative Carbon Capture Solvents 
There are various potential technologies and methods for carbon 
dioxide (CO2) separation, as shown in Figure 2-1 (D’Alessandro et al., 2010). 
Among all, absorption by solvent scrubbing is the most established CO2 
separation approach, which is widely implemented in chemical and petroleum 
industries (Kenarsari et al., 2013). As mentioned in Section 1.1, the most 
popular solvent for CO2 absorption is amine-based solvent. The use of amines 
to capture CO2 was patented over eighty years ago, and since then they have 
been used to meet CO2 product specifications in industries (Rochelle, 2009). 
Amines can absorb CO2 at fast rates due to high enthalpy of reaction, and this 
also causes large amount of energy is required to remove dissolved CO2, 
which will lead to energy intensive and costly process. On top of that, there 
are doubts about the rate of degradation in oxidising environment of flue gases 
and solvent losses of amine solvents (Abu-Zahra et al., 2013; Olajire, 2010). 
Gjernes et al. (2013) reported that amines based CO2 capture plant is 
associated with minor release of amines and amines degradation products to 
the environment along with treated flue gas, due to high volatility of amines. 
A study done by Rohr et al. (2013) showed that inhalation exposure to amines 
at high concentration can cause lung inflammation under acute exposure 
conditions. 
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Figure 2-1: Materials for CO2 capture in the context of post-combustion, pre-combustion, and oxy-fuel combustion processes 
 14 
 
 
The problems discussed are due to high volatility of amine-based 
solvents, which can be reduced by using low volatility solvents. A new class 
of compounds, namely ionic liquids (ILs), has emerged recently and became a 
focal point of green chemistry. ILs become a key ally in achieving the target 
of becoming efficient and sustainable society, and thus have stimulated 
interest in both academia and industry (Seddon, 2003). ILs refer to organic 
salts that are liquids at close to ambient conditions, which consist of relatively 
large organic cations and inorganic or organic anions of smaller size and 
asymmetrical shape, an example of IL is shown in Figure 2-2 (Miyafuji, 
2013). The group on the left of Figure 2-2, which is relatively large and 
denoted with a positive sign in the ring is an imidazolium ion (i.e. a cation); 
while the group on the right is chloride ion (i.e. an anion). The large size and 
unsymmetrical shape of organic cations depress the melting points of ILs to 
temperature at or below room temperature (Seddon, 1997).  
 
 
Figure 2-2: Chemical structure of 1-ethyl-3-methylimidazolium chloride  
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Due to the Coulombic attraction between ions of the liquids (Bates et 
al., 2002), ILs exhibit no measurable vapour pressure at room temperature and 
generally stable over their wide temperature range (Marsh et al., 2004). This 
suggests that ILs are ―green‖ solvents as compared to traditional volatile 
organic compounds (VOCs). The strong ionic interaction between ions also 
makes ILs a non-flammable, chemically and thermally stable substance (Bates 
et al., 2002). In addition, ILs are reported to have properties such as good 
solvents for inorganic and organic components, high ionic conductivity, high 
heat capacity, and high thermal conductivity (Rogers and Seddon, 2003; 
Seddon, 1997; Welton, 1999). In short, ILs suppress conventional solvation 
and provide capability of dissolving a vast range of inorganic molecules to 
very high concentrations (Seddon, 1997). Furthermore, a key feature of ILs is 
that they offer a wide range of thermophysical properties, which means they 
can be fine-tuned to optimise the chemistry and also the system (Brennecke 
and Maginn, 2001). As a result, ILs can be designed for a particular end use, 
or to possess a particular set of properties. Therefore, ILs can be legitimately 
called ―designer‖ solvents, and offer a freedom and flexibility for process 
design (Plechkova and Seddon, 2008). However, some of the ILs feature some 
undesirable properties, including high manufacturing cost, toxicity, and 
corrosive (Rogers and Seddon, 2003). While ILs can be designed to be 
environmentally benign, the manufacturing cost is a clear shortcoming 
(Chávez-Islas et al., 2011). Nevertheless, the other properties of ILs are 
important from industrial point of view, and thus ILs are reported for various 
industrial applications. 
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2.1.1 Applications of Ionic Liquids 
Freemantle (1998) first alerted the scientific community on the 
existence and potential of ILs with his review. Few years later, BASF 
announced a new process by the company, called the BASIL (biphasic acid 
scavenging using ionic liquids) (Seddon, 2003). This is the first commercial 
publicly announced process using ILs (Plechkova and Seddon, 2008). Since 
then, applications of ILs have been reported in various fields, and these 
applications will be further discussed in this section. 
 
Brennecke and Maginn (2001) reviewed a list of potential applications 
of ILs for which the unique properties of ILs may be advantageous. For 
example, ILs have been used for hydrogenations, hydroformylations, 
isomerisations, and alkylations, where generally reaction rates and selectivity 
are shown to be better in ILs compared to conventional VOCs. Brennecke and 
Maginn (2001) also reported that ILs are efficient in gas or liquid separations. 
Anthony et al. (2001) showed that ILs are hygroscopic and able to remove 
water vapour from gas mixtures efficiently. Fadeev and Meagher (2001) 
reported to use ILs to separate alcohols from fermentation broth, and hence 
Brennecke and Maginn (2001) suggested that ILs may be used for selective 
separation of liquids as well.  
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Much of the early development of ILs actually focused on their 
applications as electrochemical solvents (Zhao, 2006). This is mainly due to 
wide electrochemical window, high conductivity, wide operating temperature 
range, and low dielectric constant of ILs (Brennecke and Maginn, 2001). ILs 
have been used as electrolytes in batteries (Tobishima, 2002), actuators (Zhou 
et al., 2003), capacitors (Sato et al., 2004), fuel cells (de Souza et al., 2003), 
solar cells (Xue et al., 2004), membrane-free microelectrode sensors (Buzzeo 
et al., 2004), and electrosynthesis (Koo et al., 2004). MacFarlane et al. (2014) 
reviewed the energy applications of ILs comprehensively, and showed that ILs 
have been widely used for power generation purpose.  
 
Apart from that, Brennecke and Maginn (2001) also found that ILs 
tend to wet metal, polymeric, and inorganic surfaces. The authors concluded 
that ILs are excellent candidates for lubricants in high temperature and/or low 
pressure applications, with their high thermal stability and large liquid-phase 
range. Ye et al. (2001) studied two ILs and found them to achieve excellent 
friction reduction and antiwear performance, as well as high load-carrying 
capacity when these ILs were used as lubricants.  
 
Since ILs have wide liquid-phase range and good thermal stability, 
Brennecke and Maginn (2001) also suggested that ILs have the potential to be 
good heat transfer fluids. Zhao (2006) reported some important properties of 
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ILs such as liquid-phase range, thermal conductivity, heat capacity, and 
storage density. This data shows that ILs are suitable as heat transfer fluids for 
solar energy storage. 
 
Besides, Jork et al. (2004) and Seiler et al. (2004) reported that ILs 
have high boiling point, thermally stable, high selectivity, and high capacities, 
which are advantageous in azeotrope separation as compared to the 
conventional entrainers. Choosing a suitable entrainer to separate azeotropic 
mixtures has been a challenge in process design, and now ILs are suggested as 
a potential option. The distillation process can be energy efficient by lowering 
reflux ratios when favourable entrainers (e.g. ILs) are used. Regeneration of 
entrainers (ILs) can be done by stripping, evaporation, drying, or even 
crystallisation. 
 
Recently, ILs have been introduced for biomass applications, such as 
biotechnological process (Quijano et al., 2010), biomass fractioning 
(Liebmann et al., 2012) and pre-treatment of lignocellulosic biomass (Mood et 
al., 2013). Quijano et al. (2010) reviewed that the flexible nature of ILs is the 
most promising characteristics over traditional solvents in bioreactor 
technology. Liebmann et al. (2012) reported that a stepwise procedure to 
fraction cellulose, xylan, and lignin from mixtures can be done with IL. Apart 
from these, Zhao et al. (2009) reported that cellulose could be dissolved by ILs 
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containing chloride, formate, acetate or alkylphosphonate by formation of 
hydrogen bonds. This leads to degradation of the complex network of 
cellulose, hemicelluloses, and lignin (Alvira et al., 2010), and hence ILs are 
suitable to treat lignocellulosic waste. Besides, ILs pre-treatment is carried out 
under less dangerous condition and easily recycled (Mood et al., 2013).  
 
Based on the wide applications of ILs, the concept of using ILs for 
carbon capture is gaining interest. Blanchard et al. (1999) first reported that 
carbon dioxide (CO2) is highly soluble in imidazolium-based ILs, and the 
dissolution of CO2 in ILs is completely reversible where pure ILs remain after 
the desorption process. This study has led to a rapid growth of scientific 
research on CO2 capture using ILs. Bates et al. (2002) showed that the 
efficiency of a new task-specific ionic liquid is comparable to the commercial 
CO2 capture solvents. It was shown that CO2 has higher solubility in 
imidazolium-based ILs, as compared to nitrogen (N2), oxygen (O2), and 
methane (CH4) (Anthony et al., 2004). Maginn (2007) reported that ILs is a 
viable technical option for post-combustion capture by properly tuning the 
ILs, which can overcome many of the problems associated with current CO2 
capture solvents. Hasib-ur-Rahman et al. (2010) reviewed on variety of 
techniques using ILs, such as task-specific ILs, supported IL membranes, and 
polymerised ILs, for CO2 capture and showed that carbon capture using ILs is 
feasible, if there is inexpensive and diverse ILs. Wappel et al. (2010) made 
comparison between a large range of ILs with different purity and 30 wt% of 
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MEA solvent, with the results showing that energy demand of 60 wt% ILs is 
lower than that of MEA. Ramdin et al. (2012) also reviewed that CO2 
absorption capacity can be improved by functionalising conventional ILs with 
an amine functional group, with a better reaction stoichiometry compared to 
amine-based solvents. Lei et al. (2015) showed that IL can be mixed with 
zeolitic imidazolate framework, and used for carbon capture purpose through 
adsorptive absorption. These show that ILs are promising substitute to the 
conventional CO2 capture solvents, through proper match of cations and 
anions. As mentioned in Section 1.2, there are about a million of simple IL 
systems, and approximately 10
18
 possible tertiary mixtures of ILs. Hence, 
identifying possible ILs candidates through trial-and-error based on 
experimental works will be nearly impossible. A systematic methodology can 
be followed to determine suitable IL solvent that is able to capture CO2, 
environmental-friendly and consumes less energy for solvent regeneration. 
This is to avoid guessing the IL solvent blindly, and also save time and cost.  
 
2.2 Computer-Aided Molecular Design 
It is now identified that ionic liquids (ILs) are the potential substitute 
of conventional organic solvents in carbon capture, with some expected 
general behaviours or characteristics of ILs. However, the final molecular 
structure or identity of ILs is still unknown. This problem can now be defined 
in generic terms as follows: Given a set of desired needs, determine a suitable 
IL that satisfies these needs. This is the reverse of property prediction 
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problem, which is similar to the product design problem presented by Gani 
(2004a), where the needs are defined through properties. A general product 
design problem, considering the properties of product, can be described using 
the following set of generalised mathematical expressions: 
  xfyCF TObj  max  (2.1) 
  01 xh  (2.2) 
  02 xh  (2.3) 
  0,3 yxh  (2.4) 
  111 uxgl   (2.5) 
  222 uxgl   (2.6) 
33 uCxByl   (2.7) 
In the equations, x  represents the vector of continuous variables such as 
compositions and flowrates, y  is the vector of binary integer variables that 
represent the presence of a unit operation or group,  xh1  represents a set of 
process design specifications related equality constraints,  xh2  represents a 
set of process model related equality constraints,  yxh ,3  represents a set of 
product structure related equality constraints,  xg1  represents a set of process 
design specifications related inequality constraints, while  xg2  represents a 
set of product design related inequality constraints.  
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Various mathematical formulations can be formed from the equations 
above, depending on the requirements and nature of the problem. Some 
examples are given as follows (Gani, 2004a): 
1) Satisfy only Equation 2.6: This is generally a product design problem 
based on database search to generate a list of possible results. Since the 
product is identified from existing database, molecular structure 
generation and property models are not required. 
2) Satisfy only Equations 2.4 and 2.6: This is a product design problem, 
where molecular structures are generated based on Equation 2.4, and 
screened on the basis of Equation 2.6. 
3) Satisfy Equations 2.1, 2.4, and 2.6: This is optimal product design 
problem, where the molecular structures generated will be screened to 
match the objective function given in Equation 2.1. 
4) Satisfy Equations 2.2 to 2.7: This is simultaneous product and process 
design problem. A set of feasible candidates will be generated, 
products along with respective processes. 
5) Satisfy all equations: This is an integrated product and process design 
problem, where optimum product and its corresponding optimum 
process are targeted. However, the objective function and the property 
models, which are non-linear in nature, make this problem more 
complex. 
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There are few approaches that can be applied to solve the above-
mentioned problems, including empirical trial-and-error approach, 
mathematical programming, and hybrid methods (Gani, 2004a). Among the 
three approaches, mathematical programming and hybrid methods both 
require property predictive models to estimate the behaviour of designed 
products. When the models are not available, experimental based trial-and-
error method is the only option. In contrast, when models are available, 
mathematical programming and hybrid methods are preferable because they 
can reduce the time and expense required to carry out experiments. On top of 
that, mathematical programming and hybrid methods will be more convenient 
for ILs design, as they can provide systematic framework to transform the 
solution technique into computer-aided tools (Gani, 2004a). Computer-aided 
techniques can accelerate the molecular discovery and development process 
(Eslick et al., 2010), and improve the efficiency at the same time (Gani, 
2004b). A computer-aided molecular design (CAMD) problem is defined as: 
Given a set of building blocks and a specified set of target properties; 
determine the molecule or molecular structure that matches these properties 
(Gani, 2004a). The CAMD technique was first introduced by Gani and 
Brignole (1983), and since then many works have been proposed and 
developed based on this technique. An overview of this approach is shown in 
Figure 2-3, and it can be applied on various levels of size and complexity of 
molecular structure representation (Gani, 2004a).  
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Figure 2-3: Overall methodology for CAMD  
 
As described by Figure 2-3, there are two problems to be solved in 
CAMD approach, (1) the forward problem (top section), which requires the 
prediction of macroscopic properties for a given molecular structure, and (2) 
the inverse problem, which needs to identify the appropriate molecular 
structure based on targeted properties (Venkatasubramanian et al., 1994). The 
forward problem can include any properties, ranging from simple properties 
(e.g. density, viscosity, and boiling point) to highly complex properties (e.g. 
toxicity, solubility, and resistance to wearing) (Eslick et al., 2010). The main 
goal in CAMD is to solve the inverse problem, using optimisation techniques, 
as shown in the bottom section of Figure 2-3. In other words, the fundamental 
objective of CAMD is to identify a set of compounds that possess desired 
properties. The structures of the compounds are represented by using 
appropriate descriptors, and thus the properties should be predicted based on 
these descriptors (Gani et al., 2003).  
 
Gani et al. (2003) presented the general approach in CAMD, which 
starts with generating compounds with chemically feasible molecular 
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structures from a set of descriptors (represented by fragments or building 
blocks). The most widely used feasibility criteria is the valency rule proposed 
by Macchietto et al. (1990) which states that fulfilment of octet rule is a must. 
The generated compounds will be tested, by predicting the specified properties 
of each compound. These properties are estimated by using fragment-based 
methodology, where the contributions of each fragment to the specific 
property is summed up as the property value of the compound. The optimal 
compound will be chosen among all feasible compounds, based on the 
selection criteria provided or objective function. The major differences 
between the CAMD methods are the type of descriptors, the way to perform 
all the steps, and the estimation of property values. The following sections will 
discuss about the methods selected and used in this thesis. 
 
2.2.1 Group Contribution Methods 
Most of the CAMD methods or tools work at the macroscopic level, 
which means the molecular structure is represented by descriptors such as 
groups (Gani et al., 1991). It was reported that most CAMD techniques are 
based on group contribution (GC) approaches (Gani et al., 2003). In GC 
approaches, the compound is broken down into various simple groups (Joback 
and Reid, 1987). The property of the compound is estimated by adding up 
contributions of all simple groups according to the occurrence of the groups. 
These contributions are estimated through regression of a huge amount of 
sample compounds. GC approaches are useful when the experimental data is 
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not available, because this approach is simple yet able to provide reasonably 
accurate results. Constantinou et al. (1993) reported that GC methods can 
estimate properties of compounds easily without much computational load and 
errors. GC methods can provide accurate estimation in the case of simple 
compounds, and help to generate molecular structure of a compound to meet a 
specific property from molecular groups systematically (Joback and 
Stephanopoulos, 1989). Most of the currently-used GC methods employ the 
same set of first-order groups (Constantinou and Gani, 1994). However, the 
accuracy of first order GC models is less reliable when the complexity of 
molecule structures increases, because these models do not consider the 
proximity effects between isomers (Wu and Sandler, 1989). First order GC 
methods are for large set of simple groups, allowing description of wide 
variety of organic compounds, but various concepts in organic chemistry and 
quantum mechanics, such as conjugation and interactions between groups, are 
ignored as well (Argoub et al., 2014).  
 
Constantinou and Gani (1994) later introduced second order groups, 
and modified the estimation of properties into two stages approach. The first 
level uses data of first order groups; while the next level uses a set of second 
order groups with first-order groups as building blocks. The role of second-
order groups is to provide more structural information about the portions of 
the molecular structure of the compound, which is not given by first-order 
groups. Implementing second-order groups enhances the accuracy, reliability, 
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and the range of applicability of GC methods. It can also overcome some of 
the disadvantages of first-order groups, by providing partial description of 
proximity effects and distinguish among isomers. Despite the advantages of 
second-order groups, their applicability is still restricted. The relatively small 
sets of data used in the development of second-order GC methods lead to 
break down of prediction capability when dealing with large, polycyclic or 
polyfunctional molecules.  
 
Following that, Marrero and Gani (2001) further extended GC methods 
into three steps approach and included third-order groups. The first level of 
estimation has a large set of simple groups to describe a wide variety of 
organic compounds. The next level involves groups that allow better 
description of proximity effects and differentiation among isomers. The third 
level has groups to provide more structural information about molecular 
groups, which cannot be described using first- or second-order groups. The 
third-order groups deal with complex heterocyclic and large polyfunctional 
acyclic compounds.  
 
2.2.2 Computer-Aided Molecular Design Techniques 
Different approaches have been proposed for solving CAMD 
problems, and these can be grouped into three main categories, namely 
mathematical programming, stochastic optimisation, and enumeration 
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techniques (Gani et al., 2003). Common to all the solution approaches is that 
they are aiming to find a compound or compounds that fulfil the requirements 
set forth in the constraints and goals. 
 
Mathematical programming solves the CAMD problem, which is 
represented mathematically, as an optimisation problem. In mathematical 
programming, the objective function is represented by the targeted 
performance; while the mathematical bounds are represented by the property 
constraints. The nature of this optimisation problem is normally mixed integer 
non-linear programming (MINLP) problem, and thus solved using MINLP 
solution methods. However, there is a major drawback for problem of such 
nature, where the solution methods suffer from a large computational load and 
there is no guarantee of obtaining global optimal solution (Vaidyanathan and 
El-Halwagi, 1994). 
 
Stochastic optimisation techniques are heuristic search methods, which 
do not require any gradient information; discontinuous properties can be freely 
specified as design targets (Eljack, 2007). In stochastic optimisation, the 
mathematical representation of CAMD problem is solved using numerical 
stochastic methods, including simulated annealing (SA), genetic algorithm 
(GA), and Tabu search. SA is a combinatorial optimisation technique for 
solving unconstrained and bound-constrained optimisation problems based on 
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random estimates of the objective function, as well as evaluation of the 
constraints (Harini et al., 2013). In GA approach, populations of potential 
solutions are obtained from the previous populations based on their 
performance. It takes into account how attributes are passed from previous 
solution to the next solution (Eljack, 2007). In Tabu search, the random moves 
are performed to avoid already-visited solutions by keeping track of previous 
moves with incorporation of short-term memory function (Harini et al., 2013). 
The long term memory function helps in determine the new starting point and 
time to restart the whole procedure. A detailed review on the usage of these 
techniques, along with their respective advantages and disadvantages, has 
been reported by Fouskakis and Draper (2002). Among all three, SA and GA 
are more commonly techniques used in CAMD. 
 
On the other hand, enumeration techniques refer to solving the 
combination of mathematical and qualitative representation of CAMD 
problem by hybrid solution approaches. Enumeration techniques aim to satisfy 
the feasibility and property constraints by first generating molecules using a 
combinatorial approach, followed by testing against targeted specifications. 
Therefore, generation and testing of compounds are done separately. An 
undesired effect of this technique is that solving a simple enumeration of a 
CAMD problem might lead to combinatorial explosion (Eljack, 2007).  
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In addition to the abovementioned approaches, visual approaches are 
also developed to solve product design problem (Eljack et al., 2005). 
Visualisation of the product design problem can be achieved through property 
clustering technique (Shelley and El-Halwagi, 2000). The formulation of 
property clusters ensures that they obey two fundamental conservation rules 
(intra-stream conservation and inter-stream conservation). Therefore, lever-
arm analysis can be employed to study relationship between clusters, and 
allows visualisation of high-dimensional problem in two or three dimensions 
(Eden et al., 2004). For visualisation purpose, the number of clusters is limited 
to three (i.e. plotted on ternary diagram), but this does not imply that the 
number of properties describing each stream is also limited to three. Property 
operators can be reformulated as functions of several properties, when desired 
to visualise the problem and more than three properties are considered (Eden 
et al., 2004). When visualisation of the problem is not necessary, mathematical 
programming can be employed to solve the problem, and limitation of number 
of clusters is relieved (Eden et al., 2004). Following this, Sections 2.2.3 and 
2.2.4 show the application examples for organic compounds design and 
mixture design using the techniques mentioned above. 
 
2.2.3 Computer-Aided Molecular Design for Organic Compounds 
There are many works done previously to design organic compounds 
by using CAMD. Cabezas et al. (2000) developed a database approach with 
interactive search for the appropriate solvent. The developed tool will need 
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properties databases, target property estimation systems and a knowledge-
based system as guidance for the user through the solvent selection and 
screening steps. Since this is based on search of the database, there is no need 
to generate molecular structure (Gani, 2004a).  
 
Harper and Gani (2000) proposed a multi-step, multi-level hybrid 
CAMD method that employs generate-and-test paradigm. In this proposed 
methodology, CAMD was expanded into a three steps procedure consisting of 
problem formulation (pre-design step), compound identification (design step), 
and result analysis (post-design step). This method combines GC approach at a 
lower level and molecular modelling approach at a higher level. GC method 
employed in this work includes the first-order groups and second-order 
groups, to differentiate the molecular structures of isomers (Gani, 2004a). 
Gani (2002) also developed ProCAMD tool based on this work, which can be 
used to design organic compounds.  
 
Venkatasubramanian et al. (1994) proposed the use of GA combining 
GC approach for polymer design. GA can perform a guided stochastic search 
to identify improved solutions by sampling areas of the parameter space that 
have a higher possibility for good solutions. Due to heuristic nature of the 
search, there is no guarantee of finding the best solution using the proposed 
approach. Camarda and Maranas (1999) presented optimal polymer design via 
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mathematical programming technique, by using connectivity indices as 
descriptors. Nonlinearities due to the expressions for connectivity indices in 
this approach led to MINLP formulations, and hence the solution methodology 
is computationally expensive and no guarantee of global optimal solution. 
Sahinidis et al. (2003) employed GC methods and global optimisation 
algorithm developed previously (Sahinidis, 1996) in alternative refrigerants 
design using mathematical programming technique. The employed algorithm 
resolves the multiple local optima difficulty in the context of MINLP 
formulations and provides all feasible solutions to the problem.  
 
Chavali et al. (2004) formulated a metal catalyst design problem as 
MINLP problem, and compared the performance of Tabu search and 
mathematical programming in solving this problem. This presented work 
extended and applied connectivity indices to predict physical properties of 
designed transition metal complexes. Tabu search was shown to consistently 
found near-optimal solutions, which had better objective function value than 
those found via mathematical programming. Karunanithi et al. (2006) also 
proposed a CAMD framework for crystallisation solvents design, using 
mathematical techniques combining with GC approach. Decomposition 
approach was employed to solve the formulated MINLP model and identify 
the optimal solvent molecular structure. Yang and Song (2006) presented a 
new algorithm, namely classified enumeration, which breaks down molecular 
structure generation into few steps and followed by property prediction using 
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GC methods. The proposed methodology targets to avoid combinatorial 
explosion and consider all molecules in the range at the same time. In this 
approach, the molecular structure was broken down into alkane, cycloalkane 
and arene as skeleton groups and the rest as function groups. Function groups 
will replace skeleton groups in the molecules to build different structure, and 
properties will then be calculated using GC methods.  
 
Eljack and Eden (2008) proposed a property-based visual approach to 
solve molecular design problems, using the property clustering technique. 
Molecular synthesis problem is different from process design, descriptors are 
involved instead of molecule or process stream. Therefore, there is a need to 
include appropriate method to connect both the descriptors and properties, 
thus allow for prediction of physical properties from structural information. 
Eljack and Eden (2008) applied proven first order GC methods in property 
integration framework, introducing a property-based platform to facilitate 
visualisation of property performance requirements and design of new 
formulations. 
 
Chemmangattuvalappil et al. (2009) proposed to combine second order 
estimation of GC methods with the approach presented by Eljack and Eden 
(2008) to increase the accuracy of the property predictions. An mathematical 
approach was developed using the second order groups built from first order 
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groups, subject to the constraints of overlapping. The proposed approach is 
able to capture proximity effects and differentiate between isomers, therefore 
increases the application range and reliability of in solving molecular design 
problem. Since the problem is solved using property clustering technique, the 
simple linear mixing rules are still valid even though second order GC 
methods are included in this approach. 
 
Chemmangattuvalappil et al. (2010a) then developed an mathematical 
approach for molecular design by incorporating molecular signature 
descriptors in the framework. The proposed approach can include different 
quantitative structure property relationships (QSPR) or quantitative structure 
activity relationships (QSAR) expressions based on multiple TI. The 
advantage of this approach is that combination of property prediction models 
based on GC and topological index (TI) based QSPR/QSAR can be utilised to 
track different properties in the molecular design problem. This expands the 
application range of the framework as it is possible to consider biological, 
environmental, health, and safety related properties that cannot be predicted 
using GC methods.  
 
2.2.4 Computer-Aided Mixture/Blend Design 
In Section 2.2.3, the application of CAMD techniques for single 
component design is shown. The application of the same techniques on 
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mixture design will be discussed in this section. In general, the definition of a 
computer-aided mixture/blend design (CAM
b
D) problem is as follows: given a 
set of chemicals and a set of specified property constraints, determine the 
optimal mixture that satisfies the constraints (Gani, 2004b). For this problem, 
the set of chemicals can be identified by solving the single component 
molecular design problem. Following that, prediction of mixture properties 
can be done by using properties of pure components and mixing rules 
(Karunanithi et al., 2005). 
 
Klein et al. (1992) developed a two-loop optimisation algorithm, 
namely successive regression and linear programming, to solve a CAM
b
D 
problem. This algorithm consists of a local activity coefficient model which 
correlates the function of non-linear constraint using a regression parameter. 
This function is then used as part of an inner loop linear programming 
problem to obtain minimum cost of mixture. The value of regression 
parameter is iteratively regressed in an outer loop until it converges, and the 
value of inner loop will be the solution. 
 
 Duvedi and Achenie (1997) presented refrigerant mixtures design 
using mathematical programming model, which can be evaluated through 
experiment afterwards. Binary variables are added into model to specify type 
and number of single component that exist in the mixture. Sinha et al. (2003) 
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also presented a blanket wash solvent blend design problem as MINLP 
problem and solved using an interval-based global optimisation tool called 
LIBRA. The problem consists of a discrete problem which involve the 
selection of solvents from a set of pure-component solvents, and a continuous 
problem to determine the blend composition. 
 
Karunanithi et al. (2005) proposed a new decomposition-based 
solution strategy to solve CAM
b
D problems. In this methodology, the design 
problem is formulated as MINLP problem, and solved as a series of solvable 
sub-problems. All the necessary constraints, including pure component 
property constraints, mixture property constraints, process model constraints, 
and structural constraints, along with objective function are handled in 
separate sub-problems. This can reduced the complexity of optimisation 
problem, where some of the property models are handled in initial sub-
problems.  
 
Solvason et al. (2009) presented a systematic property-based visual 
approach for mixture design using property clustering technique. Design of 
experiments (DoE) tool was utilised in this work, and combined with property 
clustering. DoE tool can determine the optimum combination of chemical 
constituents with desired properties using minimum number of experimental 
runs, but it suffers combinatorial explosion and visualisation difficulties when 
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multicomponent mixtures involve. Property clustering technique was 
employed to avoid these problems and provide insights into the effectiveness 
of the design. The proposed approach offers the potential to solve process, 
molecular, and mixture design problems simultaneously. 
 
Conte et al. (2011) presented a systematic model-based computer-
aided methodology for liquid formulated product design, which involves 
active ingredients in the mixture. The methodology is part of an integrated 3-
stages chemical based product design approach, where first stage is to identify 
promising candidates, while second and third stages are to experimentally 
validate the products. Similarly, Yunus et al. (2012) proposed a 3-stages 
computer-aided methodology for blended products design. The three stages 
include 1) product design, 2) process identification, and 3) experimental 
validation. The first stage is divided into four sub-problems and solved with 
decomposition-based approach presented by Karunanithi et al. (2005).  
 
Kheireddine et al. (2013) adopted property clustering technique to 
develop systematic visual approach for solvents or solvent blends selection. 
The approach was demonstrated for solvent extraction process to recover spent 
lube oil. A combination of experiments and simulations were used to define 
the feasibility ranges for target properties. Experimental works were done 
afterwards to validate the results obtained using this proposed approach.  
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2.3 Ionic Liquid Design via Computer-Aided Molecular Design  
Computer-aided molecular design (CAMD) approach is proven to be 
able to design or choose a list of potential substitutes to the commercial 
organic compounds and their mixtures.  More recently, this approach is 
extended to design potential ionic liquids (ILs) for specific tasks. Matsuda et 
al. (2007) first presented the design of ILs, using property prediction models 
for ionic conductivities and viscosities, which are based on quantitative 
structure property coupled with descriptor of group contribution (GC). Firstly, 
the value of the target property needed for application is set, and followed by 
exhaustively searches by calculating ILs properties. These searches are 
performed by changing cation, anion, and length of side chains attached to 
cation. The structures of ILs that satisfy target properties value will be 
determined. Matsuda et al. (2007) also built a Java program specifically to 
reverse design ILs using the approach presented, but only ionic conductivity 
and viscosity were considered in this program.  
 
McLeese et al. (2010) applied CAMD approach to design ILs for use 
within environmentally friendly refrigeration systems. The ILs design problem 
is formulated as a mixed integer linear programming (MILP) problem. 
Therefore, the presented approach was claimed to be able to provide optimal 
results using standard techniques. In the same work, McLeese et al. (2010) 
also compared the computational efficiency of different algorithms in solving 
the problem. The group concluded that Tabu Search algorithm is more 
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efficient compared to deterministic algorithm for the purpose of generating 
near-optimal solutions to this design formulation. 
 
Billard et al. (2011) established a quantitative structure property 
relationship (QSPR) between chemical structure of ILs and their viscosity. 
The same QSPR model was used to reverse design ILs with targeted viscosity. 
Billard et al. (2011) also demonstrated in silico design of three new ILs by 
using the developed QSPR model, prior to synthesis and experimental test. 
These ILs were synthesised and tested afterwards, the predicted viscosities are 
in good qualitative agreement with the experimentally measured ones.  
 
Chávez-Islas et al. (2011) then presented mixed integer non-linear 
programming (MINLP) formulation for optimal design of IL to recover high 
purity ethanol from ethanol-water system, where IL should feature water 
affinity to break ethanol-water azeotrope. The presented model considers the 
mole balances and equilibrium relationships using UNIFAC method. Process 
restrictions are considered in this work, which are not included by previous 
works. The results showed that higher purity of ethanol product, higher energy 
consumption of the distillation process, and hence trade-off between these two 
contradicting objectives should be included. Therefore, Valencia-marquez et 
al. (2012) then extended the work by Chávez-Islas et al. (2011) by considering 
IL design and extractive distillation column design simultaneously.  
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Roughton et al. (2012) also proposed to design ILs entrainers and 
azeotropic separation processes at once. Several of the existing GC models 
were used, along with a newly developed solubility parameter GC model and 
UNIFAC-IL model. The UNIFAC-IL model is used to screen design 
candidates based on minimum IL concentration required to break azeotrope. 
The extractive distillation column is designed once the IL is chosen, using the 
driving force method with a new proposed feed stage scaling to minimise 
energy inputs. This is followed by design of an IL regeneration stage.  
 
Karunanithi and Mehrkesh (2013) presented a general framework that 
can be applied for computer-aided ILs design. This framework is similar to 
CAMD approach for organic chemical design; consist of a general 
mathematical framework of the proposed approach, a set of structural 
constraints that define feasibility and bonding rules for ILs design, physical 
properties constraints, and solution properties constraints. Both physical and 
solution properties of ILs are estimated using GC based approach. The 
presented framework is suitable for different applications, and few simple case 
studies were shown, including electrolytes, heat transfer fluids, and separation 
process. The problems are formulated as MINLP models and solved using 
decomposition methods and genetic algorithm (GA) based optimisation.  
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A computational scheme based on CAMD has been proposed by 
Harini et al. (2015) to design a task-specific IL for extraction of 
pharmaceutical immediate. Structural constraints and properties constraints 
have been defined for this design problem. In this proposed approach, 
UNIFAC-IL model and GC method were used to estimate properties of ILs. 
Exhaustive direct search (EDS) approach was employed in this approach to 
determine the suitable IL for the specific purpose. However, this approach is 
appropriate when there are only few groups for study, the computational time 
increases as the number of groups is increased. Any optimisation technique 
can be employed to replace EDS approach in this proposed methodology. 
Table 2-1 is included to summarise the work done on IL design using CAMD 
technique thus far.  
 
Table 2-1: Work done for IL design using CAMD 
Year Authors Research work 
2007 Matsuda et al.  · Designed ILs based on ionic conductivities 
and viscosities 
· Built a Java program based on the same 
concept 
2010 McLeese et al. · Designed ILs to be used within 
environmental-friendly refrigeration system 
· Formulated the problem as MILP problem 
and solved using standard techniques 
· Compared computational efficiency of 
different solving algorithms 
2011 Billard et al. · Established QSPR between IL structure and 
viscosity 
· Applied the same QSPR model to present 
design of IL 
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Table 2-1 Continued 
 Chávez-Islas et al. · Designed IL to recover high purity ethanol 
from ethanol-water system 
· Formulated the problem as MINLP problem 
· Considered mole balance, equilibrium 
relationship using UNIFAC method, and 
process restriction 
2012 Valencia-marquez 
et al. 
· Extended the work by Chávez-Islas et al. 
(2011) 
· Considered IL design and extractive 
distillation column design simultaneously 
 Roughton et al. · Designed IL entrainers and azeotropic 
separation processes simultaneously 
· Adapted newly developed solubility 
parameter for IL and UNIFAC-IL model 
2013 Karunanithi and 
Mehrkesh 
· Presented a general framework for 
computer-aided IL design 
· Formulated the problem as MINLP problem 
and solved using decomposition methods 
and GA based optimisation 
2015 Harini et al. · Proposed computational scheme to design 
task-specific IL for extraction of 
pharmaceutical immediate 
· UNIFAC-IL model and GC methods were 
used to estimate properties of ILs 
· Employed EDS approach to determine 
suitable IL 
· Appropriate when there are only few groups 
for study 
 
2.4 Property Predictive Models for Ionic Liquids 
Successes of computer-aided molecular design (CAMD) 
methodologies depend to a large extent, on the ability of predict and obtain the 
necessary properties, which are related to the targeted performance 
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characteristics (Gani et al., 2003). This shows that the availability and 
reliability of property prediction models are very important as it determines 
the applicability of the CAMD approach. Therefore, to design task specific 
ionic liquids (ILs) using CAMD, property prediction models for ILs are 
necessary. In the last decade, much work has been dedicated to develop 
property prediction methods for ILs, but this field is still considered to be new 
because there are not many prediction models for most of the properties of 
ILs. 
 
2.4.1 Density 
The density,  is one of the most studied properties of ILs; there are 
approximately 20,000 data points available for more than 1,000 ILs (Coutinho 
et al., 2012). Density is an important property, particularly for energetic 
compounds (e.g. ILs), because density is related to energy packed per unit 
volume (Ye and Shreeve, 2007). Since density is one of the most fundamental 
and crucial properties, it has the most correlations and models proposed for 
estimations. 
 
The first correlation for general application was proposed by Ye and 
Shreeve (2007). This model is based on group contribution (GC) approach and 
uses the hypothesis of Jenkins et al. (1999), which states that the molar 
volume of the salt is the linear sum of molar volumes of both ions. A 
 44 
 
 
parameter table consists of about 60 parameters, covering 12 cation families 
and 20 anions, was proposed (Ye and Shreeve, 2007). The proposed model 
can predict ILs densities at high accuracy, where only 5 % of the estimated 
values have an absolute deviation higher than 0.08 g cm
-3
. However, this 
model is limited to only 298.15 K and 0.10 MPa. 
 
Gardas and Coutinho (2008a) extended the model by Ye and Shreeve 
(2007) to wider range of pressures and temperatures. In this extension, the 
mechanical coefficients of ILs, the isothermal compressibility, and the isobaric 
expansivity are assumed to be constant, in a wide range of pressures and 
temperatures. This modifies the initial methods for molar volume estimation, 
which is now depending on pressure and temperature. Apart from that, Gardas 
and Coutinho (2008a) also extended the parameter table for more cation 
families. This model is applicable for pressures at 0.10 to 100 MPa, and 
temperature at 273.15 to 393.15 K, with reported average deviation of 1.5 %. 
 
Another correlation proposed by Jacquemin et al. (2008a) is also using 
concept by Jenkins et al. (1999), but this correlation is not based on GC 
approach. A large temperature dependent parameter table was produced by 
Jacquemin et al. (2008a). This model is reported to have average deviation of 
less than 0.5 % for more than 2000 data points. However, this model is limited 
to pressure at 0.1 MPa only. This model was then revised for estimation of ILs 
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densities at higher pressure (Jacquemin et al., 2008b). However, the revised 
model is over parameterised, where one ion requires seven parameters. This 
rigorous model provides detailed analysis on densities of the molecules, but it 
might lead to combinatorial explosion when it is applied in CAMD. 
 
Qiao et al. (2010) proposed a GC based model to predict densities of 
ILs, but unlike the previous models, this model does not predict molar 
volumes of ILs. This model estimates densities directly, using concept of 
Jenkins et al. (1999) and Gardas and Coutinho (2008a). This model was 
correlated to almost 7400 data points for more than 120 ILs. The reported 
average deviation is 0.88 % for pure ILs, and 1.22 % for binary mixtures of 
ILs. 
 
Lazzús (2010) presented a model using GC approach to estimate molar 
volumes of ILs at reference condition of 298.15 K and 0.1 MPa, which will 
then be corrected to different temperatures and pressures. The parameter table 
was prepared based on data points for 210 ILs and regression was done based 
on 3500 data points. This model is reported to produce an average deviation of 
1.9 % at reference condition; while the temperature and pressure dependent 
model has a deviation of 0.73 %. 
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To date, the most extensive model for ILs densities was proposed by 
Paduszyński and Domańska (2012). This model was developed based on 
20,000 data points for over 1,000 ILs, using the hypothesis by Jenkins et al. 
(1999) and Gardas and Coutinho (2008a). The Tait equation was adopted in 
this correlation for better pressure dependency. This model is reported to have 
average deviation of 0.53 % for the correlation data points, and 0.43 % for 
other testing points. Coutinho et al. (2012) reviewed that this model is the best 
prediction model for densities of ILs yet reported. 
 
2.4.2 Viscosity 
Viscosity is another well-studied property of ILs, which has many 
prediction models proposed. Most of these models are based on quantitative 
structure property relationships (QSPR) or GC approach. Abbott (2004) 
proposed a model which employs the hole theory to describe the viscosity of 
ionic and molecular liquids. This theory states that an ion must find a hole 
large enough to move. The author showed that this model can predict 
viscosities of a range of liquids with reasonable accuracy. This approach was 
adopted by Bandrés et al. (2011) to estimate the viscosities of pyridinium 
based ILs. However, the predicted values varied by a lot from the 
experimental values. The group improved the model by defining effective IL 
radius, and this yielded an average deviation of 4.5 %. 
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Gardas and Coutinho (2008b) proposed a prediction model based on 
GC method, where the viscosities of ILs are estimated using Orrick-Erbar-type 
equation (Poling et al., 2001). This model was developed based on 500 data 
points for 30 ILs, with an average deviation of 7.7 %. However, this model 
requires densities of ILs, which is a drawback when this model is applied in 
CAMD. The authors improved this model by proposing a new model based on 
Vogel-Tammann-Fulcher equation (Gardas and Coutinho, 2009). The new 
model does not require densities, and reference temperature is added. A 
reference temperature was chosen to be 165.06 K by the authors. The average 
deviation of this model was reported to be 7.5 %.  
 
Dutt and Ravikumar (2008) proposed an approach, with a reduced 
form of Arrhenius model. This model was developed 29 ILs, which include 
imidazolium, pyridinium, and ammonium based ILs. Yet, this model was 
tested and the deviation was reported to be more than 20 % (Dutt et al., 2013).  
 
Yamamoto (2006) was first to report a QSPR study for ILs viscosities 
and proposed few models to estimate viscosities of ILs. One of the models was 
developed for CAMD purpose, and a Java program was developed based on 
this model (Matsuda et al., 2007). This model consists of the terms of 
temperature, cation, side chain, and anion. Thus, it is possible to estimate 
viscosities of ILs solely based on the ions structure. This model was tested on 
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correlation data set and it showed a correlation coefficient R
2
 of 0.8971. 
However, when it was tested on prediction data points, the R
2
 decreases to 
only 0.6226. This shows that the model is not suitable for ILs out of the 
correlation data set.  
 
Han et al. (2011) also presented a new set of QSPR models for ILs 
viscosities. These sets are based on the cations and anions of ILs. These 
models showed R
2
 values between 0.92 to 0.97, and the authors claim that the 
largest deviation is 13.6 %. However, this model is limited to a small range of 
ILs, and the temperature dependency descriptors are not included. Mirkhani 
and Gharagheizi (2012) developed another QSPR model based on 435 data 
points for 293 ILs. This model showed R
2
 value of 0.8096, when it was tested 
with 348 correlation data points and 87 data points. This model was reported 
to have deviation of about 9 %. 
 
Valderrama et al. (2011) proposed the use of artificial neural networks 
(ANN) to describe viscosities of ILs. This work was done based on the 
molecular mass of ions, the mass connectivity, and density at temperature of 
298 K. This model was tested on 31 data points and it showed average 
deviation of 1.68 %. Paduszyński and Domańska (2014) also presented a new 
model based on feed-forward ANN. This model requires input variables of 
temperature, pressure, and GC of each group. The model was developed based 
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on 13,000 data points of more than 1000 ILs, which is the most extensive 
model to date for viscosities of ILs. The R
2
 value obtained from testing was 
reported to be about 0.98, and average deviation of about 13 %. 
 
2.4.3 Solubility of Carbon Dioxide in Ionic Liquids 
Since carbon dioxide (CO2) absorption using ILs has gained the 
interest of researchers, efforts have been dedicated to develop predictive 
thermodynamic models for IL-CO2 systems. There are various types of 
predictive models available currently to predict CO2 solubility in ILs, 
including regular solution theory (RST), statistical associating fluid theory 
(SAFT) equation of state (EoS), conductor-like screening model for real 
solvents (COSMO-RS), and UNIFAC model.  
 
Camper et al. (2004) first reported that RST can be used to model gas 
solubility in ILs at low pressures. This work has shown that RST is able to 
explain the solubility trends of CO2 in ILs, depending only on the gas. 
Scovazzo et al. (2004) also explained that the solubility parameters can be 
reasonably related to the gas solubility in ILs instead of a curve-fitting 
exercise due to predominant van der Waals force between CO2 and ILs. 
Hence, extension of RST model to application of IL-CO2 systems does not 
violate the assumption used to define solubility parameters. RST model offers 
simple method to predict the gas solubility in ILs. However, this model is only 
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limited to low pressures application and the solubility parameters cannot be 
extrapolated to other conditions (Camper et al., 2004; Lei et al., 2013). 
 
Karakatsani et al. (2007) proposed to use a truncated perturbed chain-
polar SAFT EoS to predict CO2 solubility in 1-butyl-3methylimidazolium 
hexafluorophosphate IL, and showed good agreement. Later, Ji and 
Adidharma (2010) presented a heterosegmented-SAFT EoS to represent CO2 
solubility in ILs. In this model, CO2 is taken as a molecule; while IL is broken 
down into several alkyl, cation head, and anion groups. This model is reported 
to produce good estimation of CO2 solubility in ILs at temperatures up to 473 
K and pressures up to 200 bar, especially at low pressures. Chen et al. (2012) 
used perturbed chain SAFT EoS to reproduce solubility of CO2 in 
imidazolium-based ILs in a wide range of temperatures and pressures. This 
model generally can estimate CO2 solubility in ILs in good agreement with 
available experimental data, but higher accuracy was observed by the authors 
at low pressures. However, SAFT EoS has more complicated formulations; 
many parameters are to be considered, and hence limit the application of 
SAFT EoS in CAMD (Lei et al., 2014). 
 
Manan et al. (2009) first evaluated the predictive capability of 
COSMO-RS model for 15 gases including CO2 in 27 ILs. It was reported that 
the results are consistent for correlation data points only; the results for 
 51 
 
 
predicting data points varied by a lot. Palomar et al. (2011) continued to 
explore the molecular interaction between CO2 and ILs at molecular level by 
means of COSMO-RS model. The results showed that this model does not 
always produce good results of CO2 solubility, compared to the experimental 
data. Nevertheless, Gonzalez-Miquel et al. (2012) used COSMO-RS model to 
estimate thermodynamic properties of ILs, such as CO2 solubility, solvent 
regeneration enthalpy, and solvent reversal temperature. This work suggested 
that COSMO-RS model can act as a guide in designing new ILs for carbon 
capture purpose. 
 
Lei et al. (2013) was first to proposed to extend UNIFAC model to 
predict CO2 solubility in ILs. This work was done based on the model by 
Gmehling et al. (1982), and new group binary interaction parameters between 
CO2 and 22 IL groups were added. UNIFAC model can also be extended to 
predict CO2 solubility in pure ILs for a wide range of temperatures. Solubility 
of CO2 in binary mixtures of ILs can also be predicted using UNIFAC model, 
with an average deviation of about 10 % (Lei et al., 2013). However, similar to 
all GC models, UNIFAC model cannot distinguish among isomers because the 
group proximity effect is not considered (Lei et al., 2014). 
 
Lee and Lin (2015) demonstrated the use of predictive COSMO-SAC 
model for Henry’s Law constant, selectivity of CO2 over other gases in IL, and 
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their temperature dependency solubility. According to Lee and Lin (2015), the 
predicted results of Henry’s Law constants of CO2 in ILs have an average 
absolute relative deviation of 17 %. This proposed model includes quantum 
mechanical calculations, which are complicated and time consuming. The 
prediction model was also used to screen for potential IL candidates for CO2 
capture in the mentioned work. 
 
2.5 Integrated Process and Product Design 
Process design and molecular design have been treated as two separate 
problems generally, with little to no feedback between the two problems. 
Approaches developed to solve individual process design and molecular 
design problems show limitations, due to lack of information required prior to 
start the design algorithm. For example, in molecular design techniques, input 
of desired target properties is always required to start the design procedure, 
which is assumed ahead of the design and usually based on previous 
experience or knowledge. This situation can lead to a sub-optimal design. 
Similarly, a list of pre-defined candidate components are given generally when 
considering conventional process design methodologies, and hence limits the 
performance of process to the listed components. These limitations can be 
overcome through considering the interactions between both problems as 
shown in Figure 2-4 (Eden et al., 2004). The necessary input to this 
methodology is the molecular building blocks to form the desired product for 
molecular design problem and the desired process performance for process 
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design problem. The outputs of this methodology are design variables that 
fulfil the desired process performance target, and molecules that satisfy the 
property targets identified from solution of the process design problem. The 
interconnections between molecular design and process design enable 
exchange of information; hence avoid pre-deciding of any specific compounds 
and assumption on target property values.  
 
Discrete decisions
(e.g. type of compound, number of 
functional groups)
Continuous decisions
(e.g. operating conditions)
Molecular design
Given set of 
molecular groups to 
be screened
(building blocks)
Discrete decisions
(e.g. structural modifications)
Continuous decisions
(e.g. operating conditions)
Process design
Desired process 
performance
(e.g. recovery, yield, 
cost)
Candidate molecules
(e.g. raw materials, MSA’s)
Constraints on property 
values obtained by targeting 
optimum process 
performance
 
Figure 2-4: Integrated process-product design 
 
Various works have been done on integrating process and product 
design problems to solve both problems sequentially or simultaneously. Lee et 
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al. (2002) proposed a selection method combining thermodynamics and non-
linear programming techniques for optimal refrigerant mixture compositions, 
and developed a systematic design tool for mixed refrigerant systems. Eden et 
al. (2004) introduced a systematic framework for simultaneous solution of 
process and product design problems based on property clustering technique. 
The proposed methodology reformulates the conventional forward problems 
into two reverse problem formulations: reverse of simulation problem and 
reverse of property prediction problem. Papadopoulos and Linke (2005) 
presented a unified framework for integrated solvent design and process 
system design, which allows the identification of solvent molecules, based on 
process performance criteria. Papadopoulos and Linke (2006) later proposed 
to incorporate the solvent design information into process synthesis stage 
through molecular clustering approach, within an integrated design of solvent 
and process system. Optimal solvent candidates are identified using multi-
objective optimisation, and subsequently evaluated in a process synthesis 
stage.  
 
Eljack et al. (2007) proposed a systematic property based framework 
for simultaneous process and molecular design. Using this approach, process 
design problem is solved in terms of properties and property targets 
corresponding to the desired process performance is obtained. Potential 
molecular will be determined to match the obtained targets. For a process and 
product design problem that can be described by three properties, it can be 
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solved visually and simultaneously using this framework. Kazantzi et al. 
(2007) presented a graphical approach for simultaneous process and molecular 
design, and derived design rules for this purpose. In this proposed approach, 
process requirements and objectives, as well as molecular group properties 
were integrated to simultaneously target process design and material design. 
Property clustering technique was combined with GC methods to map the 
system from process level to molecule level using this approach, and vice 
versa. Therefore, the process design problem can be reversely mapped to 
define the constraints for molecular design problem. Nonetheless, 
mathematical optimisation based approaches can easily extend the application 
range to include more properties (Eljack et al., 2008). 
 
Chemmangattuvalappil et al. (2010b) developed a combined property 
clustering and GC
+
 algorithm to identify molecules that meet the property 
targets identified during the process design stage. This approach is useful 
when property contributions of some molecular groups are not available. To 
design simple monofunctional molecules, a modified visual approach was 
proposed; while mathematical optimisation method was developed to design 
more complicated structures. Besides, higher order groups can be considered 
to increase the accuracy of prediction when mathematical approach is used. 
Bardow et al. (2010) presented continuous-molecular targeting method 
(CoMT-CAMD) to solve integrated process and product design problem. An 
optimal process and a hypothetical solvent are first obtained using CoMT-
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CAMD, and the parameters of hypothetical solvent are mapped onto an 
existing optimal solvent afterwards.  
 
Bommareddy et al. (2012) proposed a hybrid method combining 
computer-aided flowsheet design (CAFD) and CAMD, based on GC 
approaches. Therefore, evaluation of the solution alternatives for both 
problems is straightforward and rapid. Ng et al. (2015) presented a two-stage 
optimisation approach to design optimal biochemical products and synthesise 
optimal conversion pathways in a biorefinery. The optimal biochemical 
products that meet the customer requirements are first identified using 
signature based molecular design techniques, followed by determining optimal 
conversion pathways to convert biomass into the identified products through 
superstructural mathematical optimisation approach. Ng et al. (2015b) later 
extended the approach to integrate mixture design and process design for 
biorefinery.  
 
2.6 Research Gap 
In short, ionic liquids (ILs) are currently the most promising substitute 
to conventional carbon capture solvent, as they have negligible vapour 
pressure and they can be tailored according to the requirements set by 
consumers. However, the process of designing an optimal IL is time 
consuming and costly, but there is no work reported on systematic approaches 
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for IL design specifically for carbon capture yet. Firstly, property clustering 
technique shows the possibility to solve IL design problem visually on ternary 
diagram and generate a list of potential ILs. There is a need for an insight-
based methodology for IL design because it can provide useful insights to 
designers, assisting designers to make decision based on observation via a 
diagram. The insight-based methodology enables visualisation of feasibility 
and availability for different molecular groups clearly through the diagram. In 
order to identify an optimal IL solvent to fulfil design objective and relevant 
target properties, a comprehensive methodology is required. This can be done 
through computer-aided molecular design (CAMD), where a single IL can be 
targeted according to design objective.  
 
Sometimes, IL mixture is desired instead of pure ILs due to economic 
and performance limitations. Yet, there is no reported work on IL mixture 
design via systematic design tools, and hence it is necessary to explore into 
this area. Property clustering technique can be employed to develop an insight-
based approach to design IL mixture, so that users can understand and observe 
the feasibility of an IL constituent as part of the mixture. The literature study 
shows that the property prediction models for ILs are not widely available yet, 
except for density and viscosity of ILs. Besides, most of the prediction models 
are for pure IL systems, which are not applicable when IL mixture is desired. 
This gap should be addressed since the CAMD methodologies and property 
clustering technique are greatly dependent on prediction models. One option is 
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to consider and incorporate any newly available experimental data in the 
developed approach.  
 
Apart from that, there is still a lack of work done to integrate ILs 
design and process design up to date. The operating conditions are always 
considered only during process design stage, which is always done separately 
with IL design stage. However, the choice of solvent will always affect the 
operating conditions of a process, and vice versa. There is a need to 
incorporate process conditions into IL design stage to ensure the optimum 
performance of designed IL solvent. This is the first step to integrate process 
design with IL design. On top of that, the choice of solvent is also affecting 
the process that is implementing carbon capture unit (in terms of economic 
performance, utility consumption, and etc.), but this problem has not been 
addressed thus far. Therefore, the entire process should be integrated with IL 
solvent design problem, to guarantee the optimality of results. These research 
gaps are investigated in details and addressed in the following chapters.  
  
 59 
 
 
CHAPTER 3 
 
RESEARCH SCOPES AND METHODOLOGY 
 
3.1 Scopes of Research 
Based on the research gaps identified in Chapter 2, this research work 
is divided into five main scopes, by focusing on different aspects of ionic 
liquid (IL) or IL mixture design specifically as carbon capture solvent. The 
five research scopes presented in this thesis are summarised as follows: 
 
i. Systematic insight-based approach to identify potential ILs as carbon 
capture solvents with multi properties consideration 
With at least a million possible ILs, the process to identify potential IL 
solvents specifically for carbon capture purpose, through generate-and-
test, is time consuming and expensive. In order to determine suitable 
IL-based carbon capture solvents, a systematic insight-based 
methodology was developed. The design problem can be visualised on 
a diagram using this developed approach, and multiple properties of IL 
can be considered on the diagram. Visualisation of the design problem 
provides useful insights to users with little mathematical programming 
background. Designers can choose which properties to be optimised, 
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and observe the feasibility or availability of different molecular groups 
visually at the same time using the proposed approach.  
 
ii. Systematic approach to design optimal IL as replacement of current 
commercial carbon capture solvents  
From the previous approach, designers can understand the design 
problem and which groups are useful for the design problem. 
Following that, an optimal IL should be chosen based on 
considerations of target properties and constraints. However, there is 
no work reported on systematic approach to design an optimal IL 
specifically for carbon capture purpose. To address this problem, a 
systematic methodology that is able to choose optimal IL based on 
considerations of target properties and constraints was developed. 
Carbon dioxide (CO2) solubility and viscosity are main concerns in 
designing carbon capture solvent, high solubility of CO2 in IL and low 
viscosity of IL are desired for the IL to be an efficient and green 
solvent (Kuhlmann et al., 2007). Structural constraints are important in 
molecular design because they will restrict the final results to feasible 
IL structure only. Due to lack of understanding of chemical absorption 
of CO2 in ILs, only physical absorption was considered during the 
development of the approach. Selectivity of CO2 over other gases was 
excluded in this work, which means it was assumed that only CO2 is 
absorbed by the designed IL solvent. Experimental work can be done 
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afterwards as supplementary to verify the performance of chosen IL. 
Using the proposed approach, time and expenses needed for 
experimental work are reduced significantly. 
 
iii. IL mixture design for carbon capture purpose using existing predictive 
models and newly available experimental data 
There are approximately 10
12
 binary IL mixture, and up to 10
18
 
possible tertiary IL mixture (Holbrey and Seddon, 1999). With this 
number of possibilities, trial-and-error approach is not practical to 
determine an optimum IL mixture for specific task. Therefore, a 
systematic approach is needed to determine or design optimum task-
specific IL blend. During the process of designing IL mixture, property 
prediction models are needed to estimate thermophysical properties of 
ILs. However, these predictive models do not always cover wide range 
of ILs, since this field is considered still in its infancy. Thus, a 
methodology that is able to utilise both prediction models and 
experimental data to design IL mixtures should be developed. The 
proposed approach in first scope was further extended to determine 
potential IL mixtures as carbon capture solvents under this scope. 
Similarly, this approach is easy to be applied by designers or 
understood by decision makers with little mathematical programming 
background. The proposed approach takes multiple properties into 
consideration during IL mixture design, and also newly experimental 
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data of ILs can be incorporated directly into the proposed 
methodology.  
 
iv. Systematic methodology to identify optimal operating conditions for 
carbon capture using the designed IL 
Varying the process conditions will affect the thermophysical 
properties of IL, for example higher temperature will lower viscosities 
and CO2 solubility of ILs. This will directly affect the performance of 
IL in capturing CO2, and the overall cost of the process as well. 
However, operating conditions are usually considered during process 
design stage only, even though they are equally important for IL 
design. IL designed based on a fixed operating condition may not be 
the optimal results, given that a process is usually feasible within a 
range of temperatures and pressures. Therefore, there is a need to 
identify the operating conditions properly during the stage of designing 
optimal IL to capture CO2. The proposed approach for previous 
research scope was further extended under this scope, by implementing 
the idea of identification of the optimal operating conditions for the 
process simultaneously while designing IL solvent. The developed 
approach is able to determine optimal IL and its optimal operating 
conditions, by targeting a single property, subject to relevant 
constraints. In this work, CO2 solubility in IL is the target property, 
while viscosity, process model and structural constraints are included. 
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Similar to previous scope, only physical absorption was considered 
during the development of this approach due to lack of understanding 
of chemical absorption of CO2 in ILs. Selectivity of CO2 over other 
gases was not studied as well, so it was assumed that only CO2 is 
absorbed by designed IL. 
 
v. Integrated carbon capture process design and IL solvent design 
Process design and product design are always related in such a way 
that they are affecting each other. When solvent design and process 
design are done separately, there is no guarantee of optimal results for 
both problems. For example, an optimal IL designed solely based on 
solubility of CO2 can give high CO2 absorption, but may need high 
energy or larger tower for regeneration. On the other hand, designing a 
process using one IL solvent may produce a profitable process, but the 
solvent may not be the most efficient among all. Hence, the design of 
carbon capture process should be done in conjunction with the IL 
design to ensure the optimality of results. To address these problems, a 
systematic approach was developed to determine the optimal IL 
solvent and carbon capture process design simultaneously. IL solvent 
is determined using the information of process that will implement 
carbon capture system. Installation of carbon capture system with the 
designed IL can be evaluated and retrofitting can be done accordingly.  
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3.2 Research Methodology 
Based on the research gaps discussed in Section 2.7, various computer-
aided molecular design (CAMD) techniques and mathematical optimisation 
approaches were applied to achieve the aim and objectives of this research 
within the mentioned scopes. First and foremost, detailed literature review on 
carbon capture technologies and solvent used for carbon capture, as well as 
properties and prediction models of ionic liquids (ILs) was done. The 
information obtained from literatures was used to identify the main properties 
that affect the performance of carbon capture solvents. A graphical approach 
was developed for identification of potential ILs as carbon capture solvents, 
when multiple properties are considered in design problem. This approach is 
aimed to produce a list of possible structures of ILs, fulfilling all property 
constraints. Mathematical optimisation approach was then applied to solve IL 
design problem and identify the optimal structure of IL as carbon capture 
solvent, focusing on single target optimisation. The same graphical approach 
was further extended to determine potential IL mixtures for carbon capture 
purpose. The developed approach is targeted to be able to utilise both 
predicted models and experimental data to determine properties of IL 
mixtures. 
 
As a first step to integrate IL design and process design, one of the 
mathematical programming approaches was introduced to simplify the process 
of identification of optimal operating conditions for a designed IL. This 
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approach was further utilised and integrated with process design problem, 
aiming to identify suitable IL for carbon capture process and the whole 
systematically. The overall methodology to design IL specifically for carbon 
capture purpose is presented in Figure 3-1. 
 
3.2.1 Systematic insight-based approach to identify potential ILs as 
carbon capture solvents with multi properties consideration 
To identify the potential IL solvents for carbon capture purpose, a 
visual approach was developed by considering multiple properties at the same 
time. When two or more target properties are to be considered, multi objective 
optimisation is needed but it is complicated for designers with little 
mathematical programming background. In order to simplify the problem, a 
systematic visual approach based on property clustering technique is proposed 
in Chapter 4. This is an extension of visual approach presented by Eljack and 
Eden (2008), which was originally for organic compound design. The 
developed approach can transform the property-based problem onto a diagram 
and provide useful insights to user visually, and it can then be solved on the 
very same diagram. The properties of IL solvents were estimated using group 
contribution (GC) type prediction models. Several rules were developed to 
assist the users for design of IL solvents using this approach. The proposed 
approach is able to produce multiple solutions based on the target properties 
considered. Designers can make the final decision based on other screening 
criteria.  
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3.2.2 Systematic approach to design optimal IL as replacement of 
current commercial carbon capture solvents 
The approach mentioned in Section 3.2.1 is able to generate a list of 
potential solutions. In order to identify the optimal IL-based solvent, a 
systematic mathematical optimisation approach was developed by targeting 
the performance of IL solvents, as presented in Chapter 5. This is based on 
CAMD technique that is already established for organic compound design, 
and now further extended to design IL for carbon capture purpose. The target 
performance of solvent was first identified as measurable properties. In the 
case where they are not measurable, they should be correlated or expressed in 
terms of measurable properties. Since some of the IL structures are novel and 
do not have available property data, the properties of ILs were estimated by 
using GC type property prediction models. Besides, relevant constraints must 
be included to ensure the IL designed is feasible. Finally, mathematical 
optimisation approach was employed to solve the IL design problem, based on 
target property chosen at the very beginning. 
 
3.2.3 IL mixture design for carbon capture purpose using existing 
predictive models and newly available experimental data 
When using a task-specific IL solvent is impractical for either 
economic or performance reason, IL mixture may be desired as mixture can 
provide better mix of properties. To determine possible IL mixtures for carbon 
capture purpose, the visual approach presented for the first scope was 
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extended. Multiple target properties can be considered simultaneously during 
design of IL mixture as carbon capture solvents. Similar to previous scopes, 
these properties were estimated via GC type property prediction models. 
However, the data of pure ILs and IL mixtures is still scarce, where some of 
the prediction models do not cover all ILs considered in the design. Thus, this 
approach was developed in such a way that experimental data of pure ILs can 
be utilised, in order to estimate the properties of mixtures. Rules were 
developed as well to aid the mixture design process for users. The approach is 
able to generate a list of possible solutions to users, and the final decisions can 
be made accordingly, through further screening or experimental validations. 
The proposed approach is presented in Chapter 6. 
  
3.2.4 Systematic methodology to identify optimal operating 
conditions for carbon capture using the designed IL 
The importance of identifying the optimal operating conditions for a 
solvent was discussed in Section 3.1. The proposed methodology for second 
scope was extended to simultaneously identify optimal IL solvent and optimal 
operating conditions of carbon capture process using the designed IL solvent. 
This developed methodology is similar to the previously developed 
mathematical approach, except that operating conditions (i.e. temperature and 
pressure) were modelled as variables here, but this will cause the model to be 
more complex. The proposed approach is presented in Chapter 7. To simplify 
the optimisation model, disjunctive programming was implemented to 
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discretise the continuous variables of temperature and pressure. GC prediction 
models were employed to predict the properties of designed IL. Mathematical 
optimisation approach was then utilised to solve the design problem and 
identify both optimal IL solvent and its optimal operating conditions. 
 
3.2.5 Integrated carbon capture process design and IL solvent 
design 
Identification of the optimal solvents solely based on properties or 
performance is insufficient, where the process design considerations 
(economic and equipment design) are not included. Process design and 
product design problems should be considered together, to ensure the 
optimality for both. In the approach presented in Chapter 8, data of the process 
that will implement carbon capture system was obtained through input-output 
modelling (Duchin, 1992), and adapted to design IL solvent by targeting the 
optimum carbon capture performance. The algorithm approaches developed 
for forth scope was implemented here to identify pure IL solvent and its 
operating conditions. In this developed approach, GC models were employed 
to determine the properties of IL solvents. Mathematical optimisation 
approach was used to solve the design problem and identify both optimal IL 
solvent and its optimal operating conditions. The results will then be utilised 
to study the effect of carbon capture system on the overall process using the 
developed approach, decision about retrofitting of overall process can be done 
accordingly.  
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Figure 3-1: Approaches to design IL-based solvent for carbon capture purpose  
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3.3 Summary 
The research gaps identified in Chapter 2 led to five research scopes 
defined and presented in this chapter. Methodologies to achieve the objectives 
within the defined scopes were also discussed in this chapter. The presented 
research scopes will be addressed in details in the following chapters via 
proposed research methodologies. 
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CHAPTER 4 
 
DESIGNING IONIC LIQUID SOLVENT FOR CARBON 
CAPTURE USING SYSTEMATIC VISUAL APPROACH 
 
4.1 Introduction 
A systematic visual approach to determine potential ILs, using a 
diagram, specifically for the purpose of carbon capture is presented in this 
chapter. The presented approach allows multiple target properties 
consideration through portraying these targets clearly on a diagram, and hence 
trade-off between these properties is possible. Property clustering technique 
was employed in this approach, where the design problem can be mapped 
from property domain into cluster domain. Since some non-existent ILs may 
occur during the design process, group contribution (GC) method was 
included in the framework to estimate the properties of ILs. By combining 
property clustering technique and GC method, the proposed approach is able 
to provide a property based platform to visualise the performance of designed 
ILs on a ternary diagram. A case study was investigated to illustrate the 
validity of proposed approach. 
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4.2 Problem Statement 
The overall problem to be addressed can be stated as follows: Given a 
set of target properties and constraints, also a set of cation cores, anions, and 
organic functional groups, it is desired to develop a systematic technique to 
identify the molecular structure of ionic liquid (IL) that is potential substitute 
to conventional carbon capture solvents. The designed IL must satisfy all the 
property constraints and design rules. The performance of designed ILs will be 
evaluated based on the properties (or functionalities such as cost and 
environmental impact), which are used to represent characteristics or attributes 
that are not measurable. A superstructure representation of the allowed 
combinations of all groups is shown in Figure 4-1.  
 
j = 1
j = 2
m = 1
m = 2
n = 1
n = 2
Organic 
groups
Cation cores Anions
n = tm = sj = r
...
...
...
 
Figure 4-1: Schematic representation of combinations of all molecular 
fragments 
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4.3 Visualisation Design Approach 
Property clustering technique was applied in this approach, to represent 
and track physical properties (Shelley and El-Halwagi, 2000). Property 
clusters are conserved surrogate quantities that are functions of the original 
non-conserved properties. The clusters are formed from property operators, 
which are functions of the original properties and tailored to obey linear 
mixing rules. The newly developed graphical tool, which takes the form of a 
ternary diagram, is able to provide insights and assist user in solving the 
design problem, by showing the directions in searching for solutions. Each 
vertex of ternary diagram represents one property or functionality, therefore 
only three dominant properties or functionalities are considered. Other 
properties that are not included in ternary diagram can serve as screening 
properties. Screening properties can act as extra criteria in assisting designers 
to eliminate infeasible ILs. Besides, properties with no available group 
contribution (GC) prediction models can also be included as screening 
properties, as long as there are appropriate prediction models for these 
properties. Figure 4-2 shows the procedure of solving ionic liquid (IL) design 
as carbon capture solvent, and detailed description of each step is given as 
below.  
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Step 1: Identify target properties/
functionalities and define boundaries 
of each property 
Step 2: Identify prediction models for 
all target properties/functionalities
Step 3: Select molecular building 
blocks and collect data for all target 
properties
Step 4: Transform data of all 
molecular building blocks into 
property clusters
Step 5: Translate boundaries of 
dominant properties into six point 
boundary
Step 6: Plot all building blocks and six 
point boundary on ternary diagram 
Step 7: Generate potential IL solvents
Decide one product as final choiceAre these ILs feasible?
YesNo
 
Figure 4-2: Property-based visual approach to design IL-based carbon capture 
solvent 
 
Step 1: All necessary target properties or functionalities (including cost, 
environmental impact and etc.) should be identified to design IL as 
carbon capture solvent. The upper and lower limits for these 
properties will be kept as targets in solving the design problem. 
These properties can be expressed as Equation (4.1). 
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maxmin
ddd    (4.1) 
 where d is the d
th
 property, d
min
 and d
max
 are the lower and upper 
bound of d
th
 property. As discussed, only three properties can be 
included in ternary diagram, therefore user should decide the 
dominant properties in this step if there are more than three target 
properties. 
Step 2: Reliable prediction models should be identified to estimate the target 
properties of pure ILs, for all target properties. The accuracy of 
chosen prediction models will affect the overall accuracy of the 
proposed approach. 
Step 3: Suitable molecular building blocks will be selected in this step. 
These building blocks consist of cation cores, anions, and organic 
groups, as shown in Figure 4-1, to form a complete IL structure. The 
molecular building blocks should be selected such that the properties 
of the designed ILs are similar to the conventional carbon capture 
solvent. It is assumed that the newly designed ILs will possess 
properties or functionalities similar to that of conventional products. 
In this step, the data of all selected molecular groups is collected for 
all target properties and functionalities.  
Step 4: The collected data in Step 3 is converted into molecular property 
clusters using Equations (4.2) to (4.5).  
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 Property operators are described by Equation (4.2), where d(di) is 
the property operator of d
th
 property of component i, vk is the number 
of group k, q is the total number of functional groups, while d(dk) is 
the molecular property operator of d
th
 property of functional group k. 
As shown by Equation (4.2), the property operators will follow 
simple linear mixing rules regardless of the non-linearity of the 
properties (Shelley and El-Halwagi, 2000). Using molecular property 
operators, property clusters can be obtained according Equations 
(4.3) to (4.5). Given the properties are of various functional forms 
and units, the molecular property operator will first be divided by a 
properly chosen reference value, d
ref
(d) to make it dimensionless 
and obtain a normalised molecular property operator for d
th
 property 
of group k, Ωdk. All the normalised molecular property operators for 
group k are then summed together to obtain an augmented property 
index (AUP) for group k, AUPk. Finally, the property cluster Cdk for 
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property d of group k is determined using Equation (4.5). The 
summation of all cluster values for group k is equal to unity as shown 
in Equation (4.6). 
1
1


PN
d
dkC
 
(4.6) 
Step 5: The design problem can now be visualised on a ternary diagram 
using these obtained cluster values for all functional groups. For the 
properties included in ternary diagram, the constraints can be 
represented as a feasibility region defined by six unique points (El-
Halwagi et al., 2004). These six points are characterised by the 
following values of normalised operators, where solutions should fall 
inside the boundary formed by these points. 
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Step 6: IL design problem can now be plotted and visualised on a ternary 
diagram using calculated molecular property clusters and six point 
boundary determined in Step 5.  
Step 7: A list of possible pure ILs can be determined now using plotted 
ternary diagram in Step 6. Design and optimisation rules were 
previously developed by Eden et al. (2004) for process design 
problems, and extended by Eljack et al. (2006) for organic 
compound design problems. In this work, a new set of rules have 
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been developed, based on the previous rules, to ensure the 
designed ILs are valid solutions. Following these rules, the IL 
molecular structure can be determined using ternary diagram. 
Rules 1 to 3 ensure the designed IL is a valid molecular structure. 
Given a valid IL structure is obtained, Rule 4 must be satisfied 
for the IL structure to be a valid solution to the IL design 
problem.  
 
Rule 1: When two functional groups, K1 and K2 are added linearly on 
the diagram, the AUP values and distance between them 
provide information of K1-K2 structure.  
2211
11
1
AUPvAUPv
AUPv
D


 
(4.7) 
Rule 2: The molecular structure of final formulation must consist of at 
least two groups. More groups can be added if the free bond 
number (FBN) of the structure is not zero. FBN is the number 
of free molecular bonding of the molecular structure. In 
Equation (4.9), nk is the available free bond of functional 
group k. The final IL molecular structure must not have any 
free bond, to ensure the structure is complete and feasible (i.e. 
FBN = 0). 
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Rule 3: In pure IL design, only one cation core and one anion group 
can be chosen. 
Rule 4: The cluster value of the designed IL must be located within 
the feasibility region on the ternary diagram. The AUP value 
of the designed IL must be within the range of target AUP. 
The target AUP range is determined from the six property 
constraints on ternary diagram. If the AUP value is outside the 
range of target AUP, the IL is not a feasible solution. 
Rule 5: All AUP values of the groups must be positive. 
 
 It is common that there is negative GC data, and this will lead to 
negative property operator and cluster value. In this situation, the 
group will reside outside the ternary diagram, and using this 
group will violate Rule 1. Solvason et al. (2009) has discussed 
about this limitation and another rule is developed to overcome 
this. Without Rule 5, a negative AUP is mathematically possible, 
but it gives an infeasible solution. This can be avoided by 
adjusting reference values of the properties. In the case where 
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screening properties are included in the design problem, these 
properties must be calculated for the final IL formulation, using 
appropriate prediction models. Same as dominant properties 
included in ternary diagram, these screening properties should be 
within the range of target properties for the designed IL to be a 
valid solution. 
 
Once the list of potential ILs is obtained, all properties and 
functionalities should be checked to ensure they are within the targeted 
range. Feasibility of these generated IL solvents should be checked, if 
there is no feasible solution, Step 3 should be done again and the whole 
process shall be repeated. When there are feasible solutions, decision 
makers can decide on final one IL as the carbon capture solvent. 
 
4.4 Case Study 
To demonstrate the proposed approach, an illustrative case study was 
solved and presented in this section. A post-combustion carbon capture unit is 
using amine-based solvent currently. It is desired to substitute this solvent with 
ionic liquid (IL) solvent. The main objective of this case study is to determine 
possible ILs as carbon capture solvent from a set of organic groups, anions, 
and cation cores, subjecting to relevant property constraints. The system 
temperature, T and pressure, P are 323.2 K and 0.7 MPa respectively. 
 81 
 
 
4.4.1 Step 1: Identify target properties/functionalities and define 
boundaries of each property 
According to Figure 4-2, target properties and functionalities were 
identified for this case study. Three properties were taken into consideration in 
this case study, density (), viscosity () and carbon dioxide (CO2) solubility 
(S). These properties were included because density is the basic of transport 
property, viscosity affects overall operating cost, and CO2 solubility is a 
measurement of carbon capture performance of solvent. Table 4-1 shows the 
target property ranges for these properties. The designed IL solvent should 
possess similar properties as current commercial CO2 solvents (i.e. 
ethanolamines), and hence the ranges of target properties were set according to 
the properties of ethanolamines (The Dow Chemical Company, 2003). Low 
viscosity of IL is desired to minimise pumping power required to circulate IL 
solvent within the system, and hence viscosity target range was set between 
0.01 to 0.10 Pa.s. Final IL formulation should has solubility at least as good as 
the conventional solvent, and hence the solubility was targeted to be between 
0.07 and 0.30 (Zhang et al., 2012). 
 
To illustrate the presented approach clearly, more properties were 
included in the case study, they are heat of vaporisation ( vapH ) and specific 
heat capacity ( Pc ). Their target ranges are shown in Table 4-1 as well. Among 
these five target properties, density (), heat of vaporisation ( vapH ) and 
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specific heat capacity ( Pc ) were chosen as dominant properties; while 
viscosity () and CO2 solubility (S) remained as screening properties. The 
three dominant properties that were chosen for visualisation purpose include 
density, heat of vaporisation, and specific heat capacity; while the other two 
properties (viscosity and CO2 solubility) remained as screening properties. 
Density is chosen as dominant property because it is the basic of transport 
property and require for viscosity calculation. Heat of vaporisation is chosen 
because it is related to vapour pressure of ILs and provides the idea of the 
volatility of the designed ILs, which is also related to the environmental and 
health aspect of designed ILs. Specific heat capacity of IL is crucial because it 
will affect the energy required during solvent regeneration. When the designed 
ILs do not fulfil these three criteria, the screening properties of these ILs will 
not be calculated.  
 
Table 4-1: Target property ranges to design IL for carbon capture purpose 
Property Lower Bound Upper Bound 
Density, (g cm-3) 1 2 
Viscosity,  (Pa.s) 0.01 0.10 
CO2 solubility, S (mol CO2/mol IL) 0.07 0.35 
Heat of vaporisation, Hvap (kJ mol
-1
) 40 200 
Specific heat capacity, cp (J mol
-1 
K
-1
) 100 600 
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4.4.2 Step 2: Identify prediction models for all target 
properties/functionalities 
The prediction models for all target properties were selected in this 
step. Density was estimated using Equation (4.10) (Qiao et al., 2010), 
Equation (4.11) was employed to predict heat of vaporisation (Verevkin, 
2008), and specific heat capacity was estimated using Equation (4.12) (Gardas 
and Coutinho, 2008c). Viscosity was predicted using Equation (4.13) (Gardas 
and Coutinho, 2008b). CO2 solubility of IL was estimated through vapour 
liquid phase equilibrium, as given in Equations (4.14) and (4.15).  
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In Equation (4.10), 0 is an adjustable parameter for density given as 
0.538 g cm
-3
, k is the group contribution (GC) data of group k for density, 
Hvap,k is the GC data of group k for heat of vaporisation, kpc ,  is GC data of 
group k for specific heat capacity, and R is gas constant given as 8.314 J mol
-1
 
K
-1
. Density is measured in g cm
-3
, and heat of vaporisation is measured in kJ 
mol
-1
; while the unit for specific heat capacity is J mol
-1
 K
-1
. The viscosity was 
determined using Orrick-Erbar-type approach that employs GC method 
(Gardas and Coutinho, 2008b), where M is IL molecular weight in g mol
-1
, T 
is the system temperature in K, A and B are calculated parameters based on 
contributions of group k to each of them.  
 
The solubility of CO2 was determined through equilibrium 
relationships as shown in Equation (4.14) and the nonideality of liquid phase 
was modelled through activity coefficient i, which was estimated using 
UNIFAC model. In Equation (4.14), xi and yi are the mole fractions of 
component i in liquid and gas phases respectively, Pi
S
 is the saturated vapour 
pressure of component i, and φi(T,P,yi) is the gas-phase fugacity coefficient. 
UNIFAC model is given in Equation (4.16) consisting combinatorial 
contribution, ln γi
C
, which is essentially due to the differences in size and 
shape of the molecules, and residual contribution, ln γi
R
, which is due to 
energetic interactions (Skjold-Jørgensen et al., 1979). This model is expressed 
as a function of composition and temperature; the detailed explanation is given 
in Appendix Section A.2.1. 
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where ln γi
C
 represents the combinatorial contribution and ln γi
R
 represents the 
residual contribution. Group parameters and binary interaction parameters of 
IL for UNIFAC model presented by Lei et al. (2013) have been used to predict 
activity coefficient. According to Lei et al. (2013), IL should be decomposed 
into one main skeleton of cation and anion, and the alkyl chain connected to 
cation broken down into respective organic function group, as presented in 
Figure 4-3. In order to apply the parameters, the cation core was grouped with 
the anion; while R1, R2 and R3 alkyl chains are broken down into respective 
organic groups. 
 
B
F
F
F
F
N N
R1R3
R2
 
Figure 4-3: Decomposition of ionic liquid 
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Gas-phase fugacity coefficient was determined using equation of state 
proposed by Span and Wagner (1996) that is given as Equation (4.17), where 
the details are given in Appendix Section A.2.2. Saturated vapour pressure of 
CO2 was calculated using the extrapolated Antoine equation proposed by 
Shiflett and Yokozeki (2006) as described by Equation (4.18); while the 
saturated vapour pressure of IL was taken as zero due to its extremely low 
vapour pressure. For the same reason, IL was assumed to be absent in vapour 
phase (i.e. ILy  = 0). Once the mole fraction of CO2 in liquid phase was 
determined, the CO2 solubility in terms of mole CO2 per mole IL can be 
calculated using Equation (4.15). 
 rrri    1lnln  (4.17) 
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where  = ρ/ρc is the reduced density, Ai, Bi, and Ci are coefficients of 
component i. The saturated vapour pressure of IL was assumed to be 
negligible due to its extremely low vapour pressure. For the same reason, IL is 
assumed to be absent in vapour phase (i.e. yIL = 0). Both Equations (4.17) and 
(4.18) were employed by Lei et al.(2013) to determine group parameters of 
ILs for UNIFAC model. 
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4.4.3 Step 3: Select molecular building blocks and collect data for 
all target properties 
The list of pre-selected functional groups is shown in Table 4-2. These 
are chosen for they are the most widely studied cations and anions (Zhou et 
al., 2009). The relevant GC data was collected and given in Table 4-3, along 
with free bond number (FBN) of each functional group.  
 
Table 4-2: Organic functional groups, anions, and cation cores considered 
Type k Groups  Type k Groups 
Organic groups 1 CH3  Anions 6 [BF4]
-
 
 2 CH2   7 [Tf2N]
-
 
Cation cores 3 [MIm]
+
   8 [OTf]
-
 
 4 [Py]
+
     
 5 [MPyr]
+
     
 
4.4.4 Step 4: Transform data of all molecular building blocks into 
property clusters 
With all the properties and constraints defined, the molecular property 
operators and cluster values of dominant properties was determined in this 
step. From Equations (4.10) to (4.12), the property operators were determined 
and included in Table 4-4, along with the suitable reference value for each 
property. These reference values were chosen such that all augmented 
property index (AUP) values are positive, and fulfil Rule 5 in Section 4.3.  
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Table 4-3: GC data, free bond number, and molecular weights of all functional groups 
Groups k k   kvapH ,  kPc ,  nk Molecular weight (g mol
-1
) Ak, Bk, 
CH3 1 -0.0077 2.5 -10.059 1 15.03 -0.74 250.0 
CH2 2 -0.0310 2.5 4.095 2 14.03 -0.63 250.4 
[MIm]
+ 
3 0.5273 62.6 33.789 1 82.10 7.30 1507.1 
[Py]
+ 
4 0.5477 38.8 33.966 1 79.10 7.61 1453.6 
[MPyr]
+
 5 0.4865 38.8 32.365 1 85.15 6.17 1983.3 
[BF4]
- 
6 0.2302 77.8 9.959 0 86.80 -18.08 1192.4 
[NTf2]
- 
7 0.4505 65.3 35.450 0 280.15 -17.39 510.0 
[OTf]
-
 8 0.3141 -0.5 18.950 0 149.07 -17.72 905.6 
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Note that the molecular property operator for density is different from 
the usual property operator which is the reciprocal value of density as shown 
in Equation (4.19). This is because the property operator in Equation (4.19) is 
used to determine density of mixture using density of pure components; while 
the density property operator in Table 4-4 is employed to determine density of 
pure IL from functional groups.  
 
Table 4-4: Molecular property operators and reference values for this case 
study 
Property Molecular property operator, d(di) Reference value 
Density  - 0 1 
Heat of vaporisation Hvap 20 
Specific heat capacity cP/R 300 
 
 


1
densitydensity
 
(4.19) 
 
GC data in Table 4-3 was transformed intro molecular property 
operators and clusters, as given in Table 4-5 and Table 4-6. As shown in Table 
4-5, AUP values are positive even though there are negative property operator 
values. Table 4-7 shows the normalised molecular property operators of lower 
bound and upper bound for dominant properties. 
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Table 4-5: Molecular property operator and AUP values of functional groups 
considered in case study 
Groups k density(density, k) Hvap(Hvap, k) cp(cp, k) AUPk 
CH3 1 -0.0074 0.125 -0.0335 0.0837 
CH2 2 -0.0310 0.125 0.0136 0.1077 
[Mim]
+ 
3 0.5273 3.130 0.1126 3.7699 
[Py]
+ 
4 0.5477 1.940 0.1132 2.6009 
[MPyr]
+
 5 0.4865 1.940 0.1079 2.5344 
[BF4]
- 
6 0.2302 3.890 0.0332 4.1534 
[NTf2]
- 
7 0.4505 3.265 0.1182 3.8337 
[OTf]
-
 8 0.3141 -0.025 0.0632 0.3523 
 
Table 4-6: Property cluster values for all functional groups considered in case 
study 
Groups k Cdensity, k CHvap, k Ccp, k Sum 
CH3 1 -0.0925 1.4929 -0.4005 1 
CH2 2 -0.2877 1.1609 0.1268 1 
[Mim]
+ 
3 0.1399 0.8303 0.0299 1 
[Py]
+ 
4 0.2106 0.7459 0.0435 1 
[MPyr]
+
 5 0.1920 0.7655 0.0426 1 
[BF4]
- 
6 0.0554 0.9366 0.0080 1 
[NTf2]
- 
7 0.1175 0.8517 0.0308 1 
[OTf]
-
 8 0.8917 -0.0710 0.1793 1 
 
Table 4-7: Normalised molecular property operator values of lower and upper 
bounds for three dominant properties 
Property Normalised molecular 
property operator, Ωd 
Ωmin Ωmax 
Density Ωdensity 0.4624 1.4624 
Heat of vaporisation ΩHvap 2 10 
Specific heat capacity Ωcp 0.0401 0.2405 
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4.4.5 Step 5: Translate boundaries of dominant properties into six 
point boundary 
The feasibility region of this IL design problem was determined using 
the molecular property operators and six point bounding presented by El-
Halwagi et al. (2004). This feasibility region on ternary diagram is shown in 
Figure 4-4. From these six points, the AUP values of each were determined; 
while the minimum and maximum AUP values were identified as 2.703 and 
11.502. According to Rule 4, the designed IL solvent must have AUP value 
within this range to be a valid solution.  
 
 
Figure 4-4: Feasibility region of this case study 
Feasibility 
region 
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4.4.6 Step 6: Plot all building blocks and six point boundary on 
ternary diagram 
Using these cluster values, the functional groups can be plotted on 
ternary diagram, as shown in Figure 4-5. The IL design problem was 
visualised on a ternary diagram, where the dominant properties of all 
functional groups is represented by cluster values. Groups 1 and 2 reside out 
of the ternary diagram, due to their negative property cluster values. In Figure 
4-5, different types of functional groups are labelled using different shapes and 
colours, to ease the design process. According to Rule 3, only one cation core 
and one anion group can be chosen, thus only one red triangle and one green 
diamond on the ternary diagram can be matched together at once. The 
advantage of using visual approach is that user can know which groups will be 
helpful for the design problem even before solving the problem. For example, 
in Figure 4-5, Group 8 is far away from the feasibility region, it is obvious that 
this group is not helpful at all in building an IL within feasibility region. Thus, 
this group can be omitted during the design process.  
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Figure 4-5: Ternary diagram representing IL design problem 
  
Organic groups 
Cation cores 
Anions 
G1 CH3 
G2 CH2 
G3 [MIm]
 + 
G4 [Py]
 + 
G5 [MPyr]
 + 
G6 [BF4]
 – 
G7 [NTf2]
 – 
G8 [OTf]
 –
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4.4.7 Step 7: Generate potential IL solvents 
In this step, potential IL solvents were generated using Figure 4-5. An 
example of synthesising an IL using proposed approach is shown in Figure 
4-6. First of all, a cation core and an anion are to be chosen, [MPyr]
+
 (red 
triangle) and [NTf2]
-
 (green diamond) were chosen in this example. Since this 
combination has one free bond (-[MPyr]
+
- [NTf2]
-
), more organic functional 
groups (blue circle) can be added to it; a CH3 group was added in this case, to 
fill up the free bond. The formulation designed here is [C1MPyr][NTf2] (CH3-
[MPyr]
+
- [NTf2]
-
), which obeys Rules 1 to 3. Rules 4 and 5 will be used to 
examine to validity of this solution.  
 
Using the location of this final formulation on ternary diagram and 
Equation (4.7), the dominant properties of this IL were determined to be 1.467 
g cm
-3
, 106.6 kJ mol
-1
, and 480.2 J mol
-1
 K
-1
, and its viscosity is 0.015 Pa.s 
while CO2 solubility is 0.0841 mol CO2/mol IL. All these are within the target 
property ranges. The AUP value of this IL formulation was calculated to be 
6.452, which is also between the lower and upper bound values. Therefore, 
this formulation is a valid solution for this case study. Seven other candidate 
ILs were formulated on ternary diagram, as shown in Figure 4-7, and the 
properties were determined and presented in Table 4-8.  
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Figure 4-6: Synthesis path of [C1MPyr][NTf2] 
 
 
G1-G5 G1-G5-G7 
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Figure 4-7: Ternary diagram representing IL design results 
 
As shown in Table 4-8, the dominant and screening properties of these 
designed ILs are within the target property ranges. AUP values for all ILs are 
also in between the minimum and maximum AUP values (2.703 and 11.502) 
determined previously from six point bounding. Therefore, these ILs are valid 
solutions for this case study. According to results in Table 4-8, the 
combination of [MIm]
+
 and [NTf2]
-
 has the highest CO2 solubility, and the 
viscosity is relative low. This combination of properties is generally desired as 
CO2 capturing solvent. The combination of [MIm]
+
 and [BF4]
-
 has lower CO2 
solubility as compared to the former combination. This agrees with the work 
I1 [C6MIm][BF4] 
I2 [C8MIm][BF4] 
I3 [C5Py][BF4] 
I4 [C6Py][BF4] 
I5 [C3MIm][NTf2] 
I6 [C4MIm][NTf2] 
I7 [C1MPyr][NTf2] 
I8 [C2MPyr][NTf2] 
I2 I1 I4 I3 
I6 I5 I8 I7 
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by Ramdin et al. (2012), which showed that the CO2 solubility in IL with 
[NTf2]
-
 anion is greater than that in IL with same cation but [BF4]
-
 anion. The 
results also show that CO2 solubility of IL, with same cation and anion 
combination, increases when the alkyl chain attached to cation is longer, the 
same trend is observed for IL viscosity.  
 
Table 4-8: IL design results 
Ionic Liquids  (g 
cm
-3
) 
Hvap (kJ 
mol-1) 
cp (J mol
-1
 
K-1) 
 
(Pa.s) 
S (mol 
CO2/mol 
IL) 
AUP 
[C6MIm][BF4] 1.132 155.4 450.3 0.045 0.095 8.545 
[C8MIm][BF4] 1.070 160.4 518.4 0.061 0.114 8.761 
[C5Py][BF4] 1.184 129.1 417.8 0.044 0.071 7.269 
[C6Py][BF4] 1.153 131.6 451.8 0.052 0.078 7.376 
[C3MIm][NTf2] 1.446 135.4 560.1 0.015 0.300 7.903 
[C4MIm][NTf2] 1.415 137.9 594.2 0.018 0.311 8.010 
[C1MPyr][NTf2] 1.467 106.6 480.2 0.015 0.084 6.452 
[C2MPyr][NTf2] 1.436 109.1 514.3 0.018 0.095 6.559 
 
As demonstrated by this case study, this proposed approach can 
generate multiple solutions within the given set of property constraints. Of 
course, changing the lower and upper bound of constraints will produce 
different solutions as well. The choice of final solution will depend on the 
decision maker after the solutions are generated, to decide which IL suits the 
process best. If more considerations (i.e. economic and environmental aspects) 
or properties are to be included in IL design problem, a mathematical 
optimisation approach can be used to provide an optimal solution instead.  
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4.5 Summary 
A systematic property based visual approach to design ionic liquid (IL) 
as carbon capture solvent has been presented in this chapter. The significance 
of this approach is that IL design problem can be solved visually on a ternary 
diagram. This can provide insights to the user when designing ILs as carbon 
capture solvents, and can be helpful to user without mathematical 
programming background. Besides, this approach is suitable when multiple 
target properties are considered in the design problem. The proposed approach 
is based on property clustering technique; group contribution (GC) method 
was included in the framework to solve molecular design problem. The IL 
design problem is translated into property perspective through property 
clustering technique and presented on a ternary diagram. On ternary diagram, 
each vertex represents one pure property cluster, and hence three dominant 
properties can be included in the diagram. Other properties can be considered 
as screening properties. For all properties considered during IL design, 
constraints should be included and final IL formulation must fulfil these 
constraints. A set of design and optimisation rules were developed to aid the 
design using this approach. An illustrative case study to design potential IL-
based carbon capture solvent was solved to demonstrate this proposed 
approach. This approach was developed for pure IL design only. Designers 
can understand the design problem through visualisation using the developed 
approach, and identify potential IL-based carbon capture solvents. In order to 
determine the optimal IL solvent, a systematic mathematical approach is 
needed, and this is presented in Chapter 5.  
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CHAPTER 5 
 
IONIC LIQUID DESIGN FOR ENHANCED CARBON 
DIOXIDE CAPTURE USING COMPUTER-AIDED 
MOLECULAR DESIGN APPROACH 
 
5.1 Introduction 
Previous chapter presents a visual approach to identify potential ionic 
liquids (ILs) as carbon capture solvent, which allows multiple properties 
consideration. In this chapter, a mathematical approach based on computer-
aided molecular design (CAMD) technique is presented to design IL 
specifically for the purpose of carbon capture. The developed approach can be 
applied to design optimal IL as a substitution to conventional carbon capture 
solvent, based on target properties and constraints. In order to predict the 
properties of ILs, group contribution (GC) approach was employed in the 
presented approach. The structural constraints commonly used for organic 
solvent designs were included, as well as combination constraints of cations 
and anions. The approach developed in this chapter focused on design of IL 
based on a physical absorption mechanism, and hence no chemical reaction 
was involved. The presented approach was illustrated using a case study. 
Carbon dioxide (CO2) solubility was included as a measure of performance of 
IL solvent, while density and viscosity of IL were taken into consideration as 
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constraints for the case study. Predicted properties of the potential candidates 
were compared to the literature data and both are in good agreement of 
experimentally measured properties. 
 
5.2 Problem Statement 
The main objective of the problem is to design an optimal molecular 
structure of an ionic liquid (IL) from a given set of pre-selected cation cores, 
anions, and organic functional groups, to replace conventional carbon capture 
solvent. The designed IL must satisfy target property and related constraints. 
The performance of designed IL will be evaluated based on the properties. A 
superstructure representation of the allowed combinations of all groups is 
shown in Figure 5-1, including organic groups, cation cores, and anions. 
 
j = 1
j = 2
m = 1
m = 2
n = 1
n = 2
Organic 
groups
Cation cores Anions
n = tm = sj = r
...
...
...
 
Figure 5-1: Schematic representation of combinations of all molecular 
fragments (replicated from Figure 4-1) 
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The specific problem to be addressed is stated as follows: 
1) Design an IL that fulfils target properties and all constraints, based on 
the carbon capture performance, from the groups available in the 
superstructure. The carbon capture performance can be measured 
using carbon dioxide (CO2) solubility of IL generally.  
2) The superstructure comprises of r organic functional groups, s cation 
cores, and t anions, these groups are selected based on gas absorption 
and separation performance of IL beforehand (Baltus et al., 2004; 
Cadena et al., 2004). The choice of cation core and anion is limited to 
a maximum of one, i.e. only pure IL will be synthesised.   
3) The selectivity of other gases over CO2 is assumed to be negligible, 
only CO2 will be absorbed by selected IL. Also, the IL is chosen based 
on physical absorption mechanism using the approach, no reaction is 
involved between CO2 and IL.  
 
5.3 Optimisation Model 
A generic formulation to design ionic liquid (IL) solvent for carbon 
capture purpose is presented in this section. Firstly, the design objective and 
target performance of IL solvent should be identified and expressed in terms 
of measurable properties. These properties are estimated using reliable group 
contribution (GC) prediction models, which are based on molecular structure 
information. Structural constraints must be satisfied as well to make sure that 
only structurally feasible ILs will be formed from a collection of descriptors, 
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groups or building blocks. The formulation can be solved to determine the 
optimal IL solvent which can fulfils all target properties and constraints. 
Figure 5-2 shows the procedure of solving IL design and followed by detailed 
explanation of each step.  
 
Step 3: Identify prediction models for all 
target properties
Step 4: Select molecular building blocks 
and collect data for all target properties
Step 1: Define objective of the IL design 
problem
Step 5: Determine optimal IL based on 
design objective
Step 2: Identify target properties and 
define boundaries of each property
 
Figure 5-2: Systematic approach to design IL for carbon capture system 
 
Step 1: The objective of the design problem must be determined first, by 
identifying the target property that is most concerned in the design 
problem. The design objective covers the thermophysical properties 
that can affect functionality of designed IL, or environmental and 
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economical performance of IL in carbon capture process. The 
optimisation objective can be written in general as Equation (4.1). 
f   maximise
 (5.1) 
 where f  is the objective of design problem. The objective shown in 
Equation (5.1) is targeted to be max, however maximising or 
minimising the objective is dependent on the main concern in the 
process.  
Step 2: All target properties for this IL design problem should be 
determined, and their upper and lower limits will be kept as 
constraints in solving the design problem. These properties can be 
expressed as Equation (5.2), where d is the d
th
 property, d
min
 and 
d
max
 are the lower and upper bound of the target properties.  
maxmin
ddd    (5.2) 
Step 3: Appropriate prediction models are chosen to estimate the target 
properties of pure IL, for all target properties listed in Step 2. 
Properties of pure IL are estimated using GC models, which are 
based on molecular structure information. 
Step 4: Suitable molecular building blocks for IL design problem should be 
identified in this step. The molecular building blocks include organic 
groups, cations, and anions, to form a complete IL, which are slightly 
different from design problem for organic compounds. These 
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building blocks are selected such that designed IL possesses similar 
properties as the conventional products for the designated 
application, since the IL is designed to replace conventional carbon 
capture solvent. Data of all target properties for all chosen molecular 
building blocks should be collected, which is used to estimate 
properties of the IL combined using these building blocks.  
Step 5: In this step, an optimum IL that can fulfil all target properties is 
designed based on the design objective. As stated in the problem 
statement, the selectivity of other gases over CO2 was not considered 
in this work, i.e. only CO2 will be absorbed by the selected IL. Also, 
the operating conditions were fixed in this design problem, and hence 
the effect of operating conditions was not studied. Liquid and gas 
phases are both involved in carbon capture process, hence 
equilibrium relationships were considered and it can be described 
using Equation (5.3). 
  S,, iiiiii PxyPTPy    (5.3) 
 where xi and yi are the mole fractions of component i in liquid and 
gas phases respectively, Pi
S
 is the saturated vapour pressure of 
component i, and φi(T,P,yi) is the gas-phase fugacity coefficient. 
Activity coefficient was estimated using UNIFAC model as shown in 
Equation (5.4), and its details are given in Appendix Section A.2.1. 
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iγγγ iii         ln ln ln
RC
 (5.4) 
 As discussed in Section 4.4.2, group parameters and binary 
interaction parameters of IL for UNIFAC model presented by Lei et 
al. (2013) have been used to predict activity coefficient. The gas-
phase fugacity coefficient was determined using equation of state 
proposed by Span and Wagner (1996), which is further explained in 
Appendix Section A.2.2. The saturated vapour pressure of CO2 was 
calculated using extrapolated Antoine equation proposed by Shiflett 
and Yokozeki (2006) as presented in Section 4.4.2. The saturated 
vapour pressure of IL was assumed to be negligible due to its 
extremely low vapour pressure. For the same reason, IL is assumed 
to be absent in vapour phase (i.e. yIL = 0). To ensure the designed IL 
is valid solution, some constraints are included. Summation of mole 
fractions for both phases is included as constraints, as shown in 
Equations (5.5) and (5.6).  
1
i
iy
 (5.5) 
 
i
ix 1
 (5.6) 
 Structural constraints for IL design are also included, as given in 
Equations (5.7) to (5.8). As defined in Equation (5.7), the molecular 
structure of designed IL must consist of at least two building blocks. 
The final structure must not have any free bond, as described in 
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Equation (5.8). In these equations, vk is the number of group k and nk 
is the available free bond of group k. 
2
k
kv
 (5.7) 
012 





 
k k
kkk nvn
 
(5.8) 
 As presented in Section 5.2, only pure IL can be formed, which 
means one cation and one anion can be chosen. Therefore, Equations 
(5.9) and (5.10) are added to enforce only a pair of cation and anion 
will occur, where αm and βn are the binary variables representing 
each cation m and each anion n, respectively. 
 
m
m     1
 (5.9) 
 
n
n  1
 (5.10) 
  
5.4 Case Study 
To illustrate the proposed approach, a case study is presented in this 
section. A post-combustion carbon capture system is currently using 
monoethanolamine (MEA) solvent, and it is desired to replace the carbon 
capture solvent with ionic liquid (IL) solvent. An IL solvent is to be designed 
using the presented approach. The system temperature, T and pressure, P are 
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set at 323.2 K and 0.7 Mpa, which are the operating conditions for current 
amine scrubbing process (Yu et al. 2012). 
2.323T  (5.11) 
7.0P  (5.12) 
 
5.4.1 Step 1: Define objective of the IL design problem 
First and foremost, the design objective for this design problem was 
identified. Since IL is designed carbon capture purpose, carbon dioxide (CO2) 
solubility of IL, S is the main concern and hence it is set as the design 
objective. The CO2 solubility of IL should be maximised for best carbon 
capture performance. This can be translated into Equation (5.13). 
Smax    (5.13) 
 
5.4.2 Step 2: Identify target properties and define boundaries of 
each property 
Two target properties were considered in this case study, density () 
and viscosity () of IL. Density is a basic transport property, and it is required 
to determine viscosity too. Viscosity of solvent affects the pumping power 
required to circulate the solvent within the system, and ultimately the 
operating cost (Kuhlmann et al., 2007). The target range of each property is 
given in Table 5-1. These target ranges were set according to properties of 
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conventional carbon capture solvent (The Dow Chemical Company, 2003). 
Viscosity of IL solvent should be as low as possible to ensure pumping power 
required is at minimum, and therefore set to be lower than 0.1 Pa.s. Generally, 
viscosities of ILs range between 0.01 to 100 Pa.s; while organic solvents have 
viscosities of about 0.0002 to 0.01 Pa.s only (Bonhôte et al. 1996).  
 
Table 5-1: Target property ranges to design IL solvent 
Property Lower bound Upper bound 
Density,  (g cm-3) 1.0 2.0 
Viscosity,  (Pa.s) 0 0.1 
 
5.4.3 Step 3: Identify prediction models for all target properties 
Reliable prediction models were selected in this step, to predict the 
properties of IL. Equations (5.14) to (5.18) are models to predict density 
(Gardas and Coutinho, 2008a) and viscosity of IL (Gardas and Coutinho, 
2008b). CO2 solubility of IL in terms of mole CO2 per mole IL was 
determined using Equation (5.19) after the mole fraction of CO2 in liquid 
phase at equilibrium was obtained. 
 cPbTaNV
M


 
(5.14) 

k
kkVvV
 (5.15) 
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(5.16) 

k
kk AvA ,μμ
 (5.17) 

k
kk BvB ,μμ
 (5.18) 
ILCO2
xxS 
 (5.19) 
where ρ is IL density in g cm-3, M is IL molecular weight in g mol-1, N is the 
Avogadro constant (given as 0.6022), V is the molecular volume of IL in Å
3
, T 
is the system temperature K, P is the system pressure in MPa, the coefficients 
a, b and c were estimated as 0.8005, 6.652 × 10
-4
 K
-1
 and -5.919 × 10
-4
 MPa
-1
 
respectively. Equation (5.15) shows that molecular volume of IL is equivalent 
to the sum of molecular volume of each group k (Vk) that occurs in the 
structure. In Equation (5.16), μ is IL viscosity in Pa.s, A,k and B,k in 
Equations (5.17) and (5.18) are contributions of group k to parameters A and 
B.  
 
5.4.4 Step 4: Select molecular building blocks and collect data for 
all target properties 
Molecular building blocks for this case study were selected in this step 
and shown in Table 5-2. These building blocks were chosen because they are 
among the most widely studied cations and anions (Zhou et al., 2009). Data of 
all the selected molecular building blocks for chosen property prediction 
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models were also collected and presented in Table 5-3, together with the free 
bond number of each building blocks. Table 5-4 and Table 5-5 show necessary 
data for UNIFAC model calculation taken from da Silva and Barbosa (2004) 
and Lei et al. (2009).  
 
Table 5-2: Organic function groups, cation cores, and anions considered in 
this case study 
Type k Groups  Type k Groups 
Organic groups 1 CH3  Anions 5 [BF4]- 
 2 CH2   6 [PF6]- 
Cation cores 3 [Mim]+   7 [Cl]- 
 4 [Im]+     
 
Table 5-3: Free bond number, molecular weights, and data for target 
properties of all molecular building blocks 
Building 
blocks 
k 
kn  Molecular weight (g 
mol
-1
) 
kV  ,kA  ,kB  
CH3 1 1 15.03 35 -0.74 250.0 
CH2 2 2 14.03 28 -0.63 250.4 
[Mim]
+ 
3 1 82.10 119 7.30 1507.1 
[Im]
+ 
4 2 67.07 79 8.04 1257.1 
[BF4]
- 
5 0 86.80 73 -18.08 1192.4 
[PF6]
- 
6 0 144.96 107 -20.49 2099.8 
[Cl]
-
 7 0 35.45 47 -27.63 5457.7 
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Table 5-4: Group parameters of volume Rk and surface area Qk in UNIFAC 
model  
m Main group Subgroup Rk Qk 
1 CH2 CH3 0.9011 0.8480 
  CH2 0.6744 0.5400 
2 CO2 CO2 1.2960 1.2610 
3 [Mim][BF4] [Mim][BF4] 6.5669 4.0050 
4 [Mim][PF6] [Mim][PF6]
 
7.6909 4.6930 
5 [Mim][Cl] [Mim][Cl]
 
5.7073 4.9741 
 
Table 5-5: Group binary interaction parameters between group m and n for the 
UNIFAC model  
m n amn anm 
1 2 28.05 672.80 
 3 1180.51 588.74 
 4 692.26 401.54 
 5 2093.97 1129.01 
2 3 -14.44 430.80 
 4 -66.74 460.25 
 5 2693.80 -67.35 
 
5.4.5 Step 5: Determine optimal IL based on design objective 
With the collected data and property prediction models, the design 
problem can be solved using presented approach. The formulation entails this 
design problem as a mixed integer non-linear programming (MINLP) model, 
as shown below.  
ILCO2
max xxSg   (5.20) 
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iγγγ iii         ln ln ln
RC
 (5.24) 
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(5.29) 
 
Equation (5.20) is the objective function for this formulation, 
Equations (5.21) to (5.24) are the property prediction models for targeted 
properties, and the rest are structural constraints. The optimal IL obtained for 
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this case study is [C10Mim][BF4], namely 1-decyl-3-methylimidazolium 
tetrafluoroborate. It has a predicted solubility of 0.1320 mol CO2/mol IL at 
328.2 K and 0.7 MPa; while its viscosity is predicted to be 0.08627 Pa.s, 
which is less than the 0.1 Pa.s as defined in Equation (5.22). This IL is able to 
remove the highest amount of CO2 among all the possible combinations of 
cations and anions, and still fulfils all the given specifications. However, there 
is no solubility data for this IL in literature, and hence no comparison can be 
conducted at this time.  
 
After the first optimal structure of IL was obtained, integer cut are 
applied to obtain other potential solutions. Nine alternative ILs were 
determined by doing integer cuts, and the results are shown in Table 5-6. 
According to the results, ILs with [BF4]
-
 anion are more preferable as carbon 
capture solvents following the constraints set previously. Comparing ILs with 
[BF4]
-
 and [PF6]
-
 anions, the CO2 solubility is generally higher in ILs with 
[PF6]
-
 anion, but the viscosity is higher as well. ILs with [PF6]
-
 anion can be 
used as CO2 capturing solvent, only if there is no viscosity constraint. There is 
no ILs with [Cl]
-
 anion chosen as potential solvent, this is probably because 
the CO2 solubility is too low. This is supported by work done by Palomar et al. 
(2011), which concluded that fluorinated entities in the anion improves CO2 
solubility of ILs. IL solvents do not contribute to emissions of harmful 
compounds due to their extremely low vapour pressure, and hence they are 
environmental friendly and safe for human health. These ILs are designed for 
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physical absorption of CO2, the regeneration energy will be low as there is no 
chemical reaction involved between CO2 and ILs (Ramdin et al. 2012).  
 
The results also show that CO2 absorbed by IL increases with 
increasing number of carbon in alkyl chain attached to cation, the same trend 
was observed for IL viscosity. This agrees with a literature study done on 
solubility of CO2 in a series of imidazolium-based ILs (Baltus et al., 2004). 
Comparison between predicted values and experimental data were done 
according to Equation (5.30) and shown in Figure 5-3. The relative deviations 
of CO2 solubility between both values are shown in Table 5-6. 
100
data alExperiment
 valuePredicteddata alExperiment
Deviation Relative 


 
(5.30) 
 
From these comparisons, it can be seen that the relative deviations of 
results are generally less than 10 %. This difference is mainly due to minor 
errors present in the chosen property prediction models. From the results, it 
can be said that the results obtained by solving this model corresponds to the 
best ILs that one could find from these combinations of anions and cations. 
This also shows that the proposed approach is able to design optimal IL for 
CO2 absorption, according to the required specifications or performance 
targets. 
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Table 5-6: Optimal IL molecular design results 
IL chosen Predicted 
solubility, S 
Predicted 
viscosity, µ (Pa.s) 
Experimental 
solubility 
Relative deviation, 
RD (%) 
Reference 
[C10Mim][BF4] 0.1320 0.08627 - - - 
[C9Mim][BF4] 0.1231 0.07312 - - - 
[C8Mim][BF4] 0.1141 0.06193 0.1117 2.15 (Gutkowski et al., 2006) 
[C7Mim][BF4] 0.1049 0.05243 - - - 
[C6Mim][PF6] 0.0978 0.08747 0.1086 9.97 (Shariati and Peters, 2004) 
[C6Mim][BF4] 0.0954 0.04436 - - - 
[C5Mim][PF6] 0.0882 0.07509 - - - 
[C5Mim][BF4] 0.0868 0.03753 - - - 
[C4Mim][PF6] 0.0784 0.06454 0.0858 8.62 (Shiflett and Yokozeki, 2005) 
[C4Mim][BF4] 0.0758 0.03175 0.0778 2.57 (Anthony et al., 2005) 
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Figure 5-3: CO2 solubility of ILs in terms of mole fraction. (♦) Predicted results; (■) Experimental results from literature, [C8MIm][BF4] 
(Gutkowski et al. 2006), [C6MIm][PF6] (Shariati and Peters, 2004), [C4MIm][PF6] (Shiflett and Yokozeki, 2005), [C4MIm][BF4] (Anthony et al. 
2005)
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However, the proposed approach is highly dependent on the property 
predictive models that are used to estimate the properties of ILs. According to 
Coutinho et al.(2012), most properties of ILs have very little data and models 
even with their importance in common chemical product and process 
application. Also, the reliability of property predictive models is limited by the 
number of available ILs. Currently, only 10
3
 out of 10
6
 pure ILs have been 
synthesised and half of these are commercially available (Coutinho et al. 
2012). Another limitation that should be noted is, this formulation utilises GC 
property predictive models, and thus the design of ILs is confirmed to the list 
of available group contribution data for cation and anion groups. The current 
process conditions are fixed and hence the impact on varying it is not taken 
into consideration in the proposed approach. Process conditions will affect the 
thermophysical properties of IL, this in turn affect the performance of IL in 
capturing CO2. The inclusion of the process parameters in an optimisation 
formulation will be investigated in the future. This will call for simultaneous 
process and IL molecular design. 
 
5.5 Summary 
A systematic approach is presented to design optimal pure ionic liquid 
(IL) solvent specifically for carbon dioxide (CO2) absorption in this chapter. 
Computer-aided molecular design (CAMD) approach was adapted in this 
presented approach. The developed approach designs IL-based carbon capture 
solvent based on a specific design objective, and fulfil all relevant properties. 
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The valence and octet rules were introduced as constraints to make sure the 
designed ILs are realistic and feasible for industrial applications. Besides, 
cation-anion pairing constraint was added in this work to ensure that only one 
cation and one anion can be chosen in the final molecular structure. An 
illustrative case study was presented to demonstrate the developed approach. 
The solubility of CO2 in ILs was set as the design objective in this case study, 
which should be maximised; while density and viscosity of IL were included 
as target properties in the case study. As shown by the case study, a mixed 
integer non-linear programming (MINLP) model was formulated to determine 
the optimal IL, which is able to absorb the highest amount of CO2. The 
selectivity of CO2 over other gases was not taken into consideration in this 
approach. The developed approaches in Chapters 4 and 5 are specifically for 
pure IL design only, but IL mixtures are required sometimes for economical 
and performance reason. Therefore, an approach should be developed for pure 
IL and IL mixture design, which is presented in Chapter 6. 
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CHAPTER 6 
 
A PROPERTY-BASED VISUAL APPROACH TO DESIGN 
IONIC LIQUID AND IONIC LIQUID MIXTURE AS 
CARBON CAPTURE SOLVENT 
 
6.1 Introduction 
In the previous chapters, mathematical approach and visual approach 
have been developed to design pure ionic liquid (IL) to capture carbon dioxide 
(CO2). Pure ILs that are specifically designed to capture CO2 can have high 
CO2 absorption rate and capacity, but studies showed that these ILs are 
generally more viscous and expensive. Therefore, pure IL solvents may be 
impractical when economic consideration is a major concern. Instead, a 
mixture of task specific IL and conventional IL can be combined to improve 
the overall performance of CO2 solvent and carbon capture process. Given 
there are many possible IL mixtures, a systematic approach will be helpful to 
determine the potential mixtures prior to experimental testing. Extended from 
approach presented in Chapter 4, a property based visual approach to design 
IL and IL mixture as carbon capture solvent is presented in this chapter. 
Similar to approach in Chapter 4, the visualisation of problem and solutions is 
achieved by applying property clustering technique in this proposed 
methodology, to map the design problem from property domain into cluster 
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domain. This approach can consider multiple target properties to design 
potential ILs and IL mixtures. To date, the study of properties of pure ILs and 
IL mixtures is still in the infant phase, and these data is still scarce. Hence, 
some of the prediction models do not cover all available ILs. To overcome this 
problem, the proposed approach is developed to adapt property data of pure 
ILs directly, together with existing property prediction models to predict the 
properties of the designed IL mixtures. This methodology provides a property 
based platform to visualise the overall performance of designed IL mixtures 
using ternary diagram. An illustrative case study, was solved to demonstrate 
the proposed approach.  
 
6.2 Problem Statement 
The problem to be addressed in this chapter is stated as follows: 
Design potential ionic liquids (ILs) or IL mixtures that are able to replace 
conventional carbon capture solvents, using the molecular building blocks and 
available ILs in the superstructure. The designed ILs or IL mixtures must fulfil 
target property constraints and design rules. The performance of designed IL-
based solvents will be evaluated based on the properties (or functionalities like 
cost and environmental impact), which are used to represent or describe the 
characteristics or attributes that are not measurable. Figure 6-1 shows the 
superstructure representation of allowed combinations of all molecular groups 
(including organic groups, cation cores, and anions) and IL constituents.  
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j = 1
j = 2
m = 1
m = 2
n = 1
n = 2
Organic 
groups
Cation cores Anions
n = tm = sj = r
...
...
...
i = 1
i = 2
i = p
...
Ionic 
liquids  
Figure 6-1: Schematic representation of combinations of all molecular 
building blocks and IL constituents 
 
6.3 Graphical Tool for Pure Ionic Liquid and Ionic Liquid 
Mixture Design 
Since this approach is an extension of the approach proposed in 
Chapter 4, property clustering technique was applied in here to represent and 
track physical properties (Shelley and El-Halwagi, 2000). Similarly, the 
visualisation tool also takes the form of a ternary diagram, to provide useful 
insights to user and assist in solving the design problem. As mentioned in 
Section 4.3, only three dominant properties or functionalities can be 
considered in ternary diagram, properties that are not presented in ternary 
diagram remain as screening properties. Note that the ternary diagrams for 
pure ionic liquid (IL) and IL mixture design are different; they will be solved 
on different diagrams. Figure 6-2 shows the procedure of solving pure IL and 
IL mixture design, and it is followed by detailed description of each step.  
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Step 1: All necessary target properties or functionalities (including cost, 
environmental impact and etc.) for an IL and mixture design problem 
should be identified. The upper and lower limits for these properties 
will be kept as targets in solving the design problem. These 
properties can be expressed as Equation (6.1), where d is the d
th
 
property, d
min
 and d
max
 are the lower and upper bound of these 
properties.  
maxmin
ddd    (6.1) 
 If there are more than three target properties, three dominant 
properties should be chosen, and keep the rest as screening 
properties. 
Step 2: For all properties (dominant and screening) considered, appropriate 
prediction models that estimate the target properties of pure ILs and 
IL mixtures should be identified. Prediction models for pure ILs and 
IL mixtures are generally different. Properties of pure ILs are 
estimated using molecular building blocks while properties of IL 
mixtures are estimated from pure IL constituents. Hence, two sets of 
property prediction models should be chosen, one to estimate 
properties of pure ILs and another for IL mixtures. When this step is 
done, user can proceed to pure IL design, and followed by IL mixture 
design afterwards. 
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Step 1: Identify target properties/
functionalities and define boundaries 
of each property 
Step 2: Identify prediction models for 
all target properties/functionalities
Step 3: Select molecular building 
blocks for pure IL design
Step 4: Collect data of target 
properties for selected building blocks, 
transform them into property clusters
Step 5: Translate boundaries of 
dominant properties into six point 
boundary
Step 6: Plot all building blocks and six 
point boundary on ternary diagram 
Step 7: Generate pure ILs
Step 8: Select pure ILs that are 
potential as part of the mixture 
Decide one product as final choice
Step 9: Collect data of all target 
properties and solubility parameter, 
through prediction or experiments.
Step 10: Transform prediction models 
and property data into property clusters
Step 11: Determine six point boundary 
and plot them with all pure ILs on 
ternary diagram
Step 12: Generate IL mixtures
Are these mixtures feasible?
No Yes
Pure IL Design
IL Mixture Design
 
Figure 6-2: Procedure to solve IL and IL mixture design problem using 
property-based visual approach 
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Step 3: Suitable molecular building blocks for pure IL design should be 
identified in this step. Different from common product design 
problem, these molecular building blocks include organic groups, 
cations, and anions to form a complete IL. The molecular building 
blocks should be selected such that the properties of the designed ILs 
are similar to the conventional carbon capture solvent. It is assumed 
that the newly designed ILs will possess properties or functionalities 
similar to that of conventional solvent.  
Step 4: Data of all target properties and functionalities for all chosen 
molecular building blocks should be collected. Once these data for 
all target properties are gathered, data can be translated into 
molecular property clusters following Equations (6.2) to (6.5).  
   
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(6.5) 
 d(di) is the property operator of d
th
 property of component i, vk is 
the number of group k, q is the total number of building blocks, while 
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d(dk) is the molecular property operator of d
th
 property of 
functional group k, d
ref
(d) is a reference value for d
th
 property, Ωdk 
is normalised molecular property operator for d
th
 property of group k, 
AUPk is augmented property index (AUP) for group k, Cdk is 
molecular property cluster for property d of group k. Property cluster 
is defined as the ratio of normalised property operator to AUP. 
Summation of all cluster values for group k must equal to one. 
Step 5: For the properties and functionalities included in ternary diagram, the 
constraints can be represented as a feasibility region defined by six 
unique points (El-Halwagi et al., 2004). These six points are 
characterised by the following values of normalised operators.  
   
   max3min2max1min3min2max1min3max2max1
min
3
max
2
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1
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3
max
2
min
1
max
3
min
2
min
1
,,,,,,
,,,,,,


 
This boundary tells the area where the solutions should fall within. 
Any solution fall out of the boundary will be infeasible.  
Step 6: Pure IL design problem can now be visualised on a ternary diagram 
using obtained molecular property cluster values and six point 
boundary determined in Step 5.  
Step 7: A list of possible pure ILs can be determined now using plotted 
ternary diagram in Step 6. Rules I1 to I4 (I stands for pure IL) for 
pure IL design must be followed to ensure designed ILs are feasible 
structure and valid solutions. Properties and functionalities of 
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designed ILs must be calculated and checked whether they fall 
within the target ranges.  
 
Rule I1: When two molecular building blocks, K1 and K2 (any organic 
groups, cation or anions) are added linearly on the diagram, 
the AUP values and distance between them provide 
information of K1- K2 combination using lever arm rule.  
Rule I2: The molecular structure of final formulation must consist of at 
least two building blocks; this is given by the constraint in 
Equation (6.6). Besides, Equation (6.7) indicates that final IL 
molecular structure must not have any free bond. In Equation 
(6.7), nk is the available free bond of functional group k. Both 
equations are common structural constraints for organic 
components design problem, they are now applied in pure IL 
design here. 
2
k
kv
 (6.6) 
012 
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k
kk
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(6.7) 
Rule I3: In pure IL design, only one cation core and one anion group 
can be chosen. 
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Rule I4: The cluster value of the designed IL must be within the 
feasibility region, and the AUP value of the designed IL must 
be within the range of target AUP. This target AUP range is 
determined from the six property constraints on ternary 
diagram. AUP values of all molecular building blocks must be 
positive. 
  
Step 8: After pure ILs are designed, user can proceed to IL mixture design 
stage. Previously identified ILs will be used as part of the design, 
other potential ILs can also be included. For example, if there are 
few newly tested ILs that show great potential as part of the IL 
mixture design, it can be included in this step. These pure ILs can be 
selected based on their properties or functionalities, by comparing 
with existing products. 
Step 9: Once all potential pure ILs are selected, data of all target properties 
and functionalities for these ILs should be collected. This can be 
done through prediction models or experiments. The experimental 
data comes into application in this step, where they can be included 
directly into consideration to predict the properties of designed IL 
mixtures. This is useful when the available data for prediction 
models does not cover wide range of ILs. By adapting experimental 
data into this approach, it is more flexible as more ILs can be 
considered in mixture design problem using the approach. Apart 
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from target properties and functionalities, solubility parameter of all 
selected ILs should be identified at this stage, to predict whether ILs 
will form miscible solution. In order for a mixture to be miscible, the 
constituents of the mixture must have similar solubility parameters. 
The solubility parameter can be determined through prediction 
models or experiments. In this work, a group contribution model 
(Kulajanpeng et al., 2014) have been used to estimate the solubility 
parameter of short listed pure IL candidates.  
Step 10: Data collected in Step 9 is translated into property clusters using 
Equations (6.8) to (6.11), this includes data collected through 
experiments.  
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(6.11) 
d(d)M is the property operator of d
th
 property of mixture M, xi is the 
mole fraction of IL component i, p is the total number of 
components, while d(di) is the property operator of d
th
 property of 
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IL component i, d
ref
(d) is a chosen reference value, Ωdi is 
normalised property operator for d
th
 property of IL component i, 
AUPi is AUP for component i, Cdi is property cluster for property d 
of component i. The summation of all cluster values for IL 
component i is equal to unity. Note that these equations are different 
from Equations (6.2) to (6.5) are meant for molecular building 
blocks; while Equations (6.8) to (6.11) are meant for IL constituents.  
Step 11: Similar to pure IL design, constraints of properties or functionalities 
included in ternary diagram can be represented as a feasibility region 
defined by six unique points. A ternary diagram should be prepared 
for mixture design purpose here, using obtained cluster values for all 
pure ILs and six point boundary.  
Step 12: IL mixtures can be generated at this step, according to Rules M1 
to M5 (M stands for IL mixture). These rules are not the same as 
rules shown in Step 7, where these will ensure the designed IL 
mixtures are valid and feasible mixtures.  
 
Rule M1: When two IL constituents, I1 and I2 are added linearly on 
the diagram, the AUP values and distance between them 
provide information of I1-I2 combination using simple lever 
arm rule.  
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Rule M2: The fraction of each IL constituent chosen as part of the 
mixture must be between zero and one, and final 
summation of all fractions must be one. 
Rule M3: The cluster value of the designed IL mixture must be 
located within the feasibility region on the ternary diagram. 
Rule M4: The AUP value of the designed IL mixture must be within 
the range of target AUP. The target AUP range is 
determined from the six property constraints on ternary 
diagram. If the AUP value is outside the range of target 
AUP, the IL mixture is not a feasible solution. 
Rule M5: ILs that are chosen as part of the mixture should have 
similar solubility parameter values, to ensure they form a 
miscible solution.  
 
 When IL mixtures are obtained, all properties and functionalities 
should be checked to ensure they are within the targeted range. Feasibility of 
these generated mixtures should be checked, if there is no feasible solution, 
Step 8 should be done again and the whole process shall follow. When there 
are feasible solutions, decision makers can decide on final one IL or mixture 
according to the application of this product. 
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6.4 Case Study 
A carbon capture solvent design problem will be solved using the 
proposed approach in this section, where ionic liquids (ILs) and IL mixtures 
will be designed to replace ethanolamines, one of the conventional carbon 
capture solvents that are essentially volatile organic compounds (VOCs). The 
main objective of this case study is to determine possible IL or IL binary 
mixture as carbon capture solvent, subjecting to relevant property constraints. 
In this case study, the system temperature and pressure are set as 303.15 K and 
0.7 MPa respectively. 
 
6.4.1 Step 1: Identify target properties/functionalities and define 
boundaries of each property 
Following steps described in Figure 6-2, target properties and 
functionalities should be identified. Three target properties included in this 
case study are density (), viscosity () and CO2 solubility (S). Density is the 
basic of transport property, viscosity will affect overall operating cost, and 
carbon dioxide (CO2) solubility is the performance measurement of a carbon 
capture solvent. The target property ranges for all properties are included in 
Table 6-1, this is applicable to both pure IL and IL mixture design. The 
designed solvent should possess similar properties as ethanolamines, since the 
IL product is designed to be carbon capture solvent. Therefore, the ranges of 
target properties are set according to the properties of ethanolamines (The 
Dow Chemical Company, 2003). Viscosity of designed IL mixtures should be 
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as low as possible to minimise pumping power required to circulate the 
solvent within the process. Hence, the target range of viscosity is set to be 
between 0.01 to 0.10 Pa.s (Bonhôte et al., 1996). CO2 solubility of designed 
solvent should be at least as good as the conventional solvent, the boundary is 
therefore set between 0.09 and 0.60 mol CO2/mol solvent (Zhang et al., 2012).  
 
Table 6-1: Target property ranges to design pure IL and IL mixture 
Property/functionality Lower Bound Upper Bound 
Density, (g cm-3) 1.00 2.00 
Viscosity,  (Pa.s) 0.01 0.10 
CO2 solubility, S (mol CO2/mol solvent) 0.09 0.60 
 
To further illustrate this proposed approach, more properties and 
functionalities are added separately to the design problem. Heat of 
vaporisation (
vapH ) and specific heat capacity ( Pc ) are included to pure IL 
design problem, with their target ranges given in Table 6-2; while cost of 
solvent (C) is considered in mixture design problem and the target range is 
given in Table 6-3. There are five properties to consider during design of pure 
ILs as carbon capture solvent, and four for IL mixture design. These additional 
properties or functionalities illustrate the steps of the proposed approach to 
solve a design problem with more than three target properties. For pure IL 
design, density, heat of vaporisation, and specific heat capacity are chosen as 
dominant properties; while the other two properties (viscosity and CO2 
solubility) remained as screening properties. Density is chosen because it is 
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required for viscosity calculation. Heat of vaporisation is selected for its 
relationship with vapour pressure and volatility of designed ILs; while specific 
heat capacity of IL provides idea on energy requirement during solvent 
regeneration. On the other hand, density, viscosity, and cost of solvent are 
selected as dominant properties/functionalities during IL mixture design stage; 
CO2 solubility in the mixture is kept as a screening property. 
 
Table 6-2: Target property ranges of additional properties to design pure IL 
Property/functionality Lower Bound Upper Bound 
Heat of vaporisation, 
vapH  (kJ mol
-1
) 40 200 
Specific heat capacity, Pc  (J mol
-1
 K
-1
) 100 600 
 
Table 6-3: Target property range of additional property to design IL mixture 
Property/functionality Lower Bound Upper Bound 
Cost of solvent, C (USD mol
-1
) 200 800 
 
6.4.2 Step 2: Identify prediction models for all target 
properties/functionalities 
In this step, suitable prediction models are identified to predict the 
properties and functionalities of designed ILs and IL mixtures. Equations 
(6.12) to (6.15) are prediction models to estimate density (Qiao et al., 2010), 
heat of vaporisation (Verevkin, 2008), specific heat capacity (Gardas and 
Coutinho, 2008c), and viscosity (Gardas and Coutinho, 2008b). These 
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prediction models are group contribution (GC) models. CO2 solubility of pure 
ILs was estimated through vapour liquid phase equilibrium.  
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In Equation (6.12), i is density of IL i, 0  is an adjustable parameter 
for density given as 0.556 g cm
-3
 as given by Qiao et al. (2010), and k  is the 
GC data of group k for density. 
kvapH ,  in Equation (6.13) is the GC data of 
group k for heat of vaporisation, Pc  in Equation (6.14) is GC data of group k 
for specific heat capacity, and R is gas constant given as 8.314 J mol
-1
 K
-1
. 
Viscosity is determined using Orrick-Erbar-type approach that employs GC 
method as shown in Equation (6.15), where M is IL molecular weight in g 
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mol
-1
, T is the system temperature in K, A and B are calculated parameters 
based on contributions of group k to each of them.  
 
The mole fraction of CO2 in liquid phase at equilibrium was obtained 
using Equation (6.16). In this equation, xi and yi are the mole fractions of 
component i in liquid and gas phases respectively, i
 
is activity coefficient 
which is determined using UNIFAC model, Pi
S
 is the saturated vapour 
pressure of component i, and φi(T,P,yi) is the gas-phase fugacity coefficient. 
Similar to approach presented in Chapter 4, original UNIFAC model was 
employed to predict activity coefficient in this work, which is discussed 
further in Appendix Section A.2.1. Group parameters and binary interaction 
parameters of ILs for UNIFAC model presented by Lei et al. (2013) have been 
used to predict activity coefficient in this work. Gas-phase fugacity coefficient 
was determined using equation of state proposed by Span and Wagner (1996), 
which details are provided in Appendix Section A.2.2. Saturated vapour 
pressure of CO2 can be calculated using the extrapolated Antoine equation 
proposed by Shiflett and Yokozeki (2006). The saturated vapour pressure of 
IL was assumed to be negligible due to its extremely low vapour pressure. For 
the same reason, IL was assumed to be absent in vapour phase (i.e., ILy = 0). 
When mole fraction of CO2 in liquid phase at equilibrium was determined, 
Equation (6.17) was then used to determine CO2 solubility of ILs, Si in terms 
of mole CO2 per mole IL. 
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 Another set of prediction models was included to estimate all target 
properties and functionalities of IL mixtures. Equation (6.18) was used to 
predict density of IL mixture, Equations (6.19) to (6.21) are prediction models 
to estimate viscosity of mixture (Maples, 2000). Equation (6.22) predicts cost 
of the designed solvent, where Ci is cost of individual IL i. CO2 solubility of 
IL mixtures was determined using Equations (6.16) and (6.17). The interaction 
between IL groups are assumed to be zero as they are electrically neutral 
groups and have similar polarity (Lei et al., 2009). 
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To estimate viscosity of IL mixture, Refutas method was applied in 
this work, where viscosity-blending index (VBI) is used. First, the VBI for 
each IL constituent was determined. The VBI of mixture is equal to 
summation of all the products of mole fraction and VBI of each component. In 
Equations (6.19) to (6.21), VBIi is the viscosity-blending index of IL 
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constituent i, i is the kinematic viscosity of IL constituent i in m
2
 s
-1
, and µi is 
the dynamic viscosity of constituent i in Pa.s.  
 
6.4.3 Step 3: Select molecular building blocks for pure IL design 
Suitable molecular building blocks for pure IL design were identified 
in this step. The structures of basic molecular building blocks are dependent 
on the pre-defined structures used in chosen property prediction models. For 
this case study, two organic groups, three cation cores and three anions were 
chosen, as shown in Table 6-4. These were chosen for they are the most 
widely studied cations and anions (Zhou et al., 2009). 
 
Table 6-4: Molecular building blocks selected for pure IL design 
Type k Groups  Type k Groups 
Organic groups 1 CH3  Anions 6 [BF4]
-
 
 2 CH2   7 [Tf2N]
-
 
Cation cores 3 [MIm]
+
   8 [OTf]
-
 
 4 [Py]
+
     
 5 [MPyr]
+
     
 
6.4.4 Step 4: Collect data of target properties for selected building 
blocks, transform them into property clusters 
For all selected molecular building blocks, the relevant GC data of 
each target property is given in Table 6-5, along with number of free bond for 
each functional group. The data was collected according to the prediction 
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models selected in Step 2. All properties and constraints were defined up to 
this step, molecular property clusters of dominant properties can be 
determined using Equations (6.2) to (6.5). First of all, molecular property 
operators were identified as shown in Table 6-6, and suitable reference values 
were given. These reference values were chosen such that all AUP values are 
positive, thus obeying Rule I5. Molecular property operator for density is 
different from common property operator, which is reciprocal value of density 
as given in Equation (6.23). This is because the property operator in Equation 
(6.23) is used to determine density of mixture using density of pure 
components; while the density property operator in Table 6-6 was employed to 
determine density of pure IL from functional groups.  
 


1
densitydensity
 
(6.23) 
 
GC data was transformed into molecular property operators and 
clusters. The property operators and AUP values are shown in Table 6-7; 
while Table 6-8 shows the cluster values for all functional groups. As 
presented in Table 6-7, all the AUP values are positive even though there are 
some negative property operator values. 
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Table 6-5: GC data, free bond number, and molecular weights for all molecular building blocks  
Building 
blocks 
k 
k  kvapH ,  Pc  kn  Molecular weight 
(g mol
-1
) 
,kA  ,kB  
CH3 1 -0.0244 2.5 -9.825 1 15.03 -0.74 250.0 
CH2 2 -0.0310 2.5 3.893 2 14.03 -0.63 250.4 
[Mim]
+ 
3 0.5542 62.6 33.857 1 82.10 7.30 1507.1 
[Py]
+ 
4 0.5715 38.8 35.060 1 79.10 7.61 1453.6 
[MPyr]
+
 5 0.5148 38.8 32.908 1 85.15 6.17 1983.3 
[BF4]
- 
6 0.2184 77.8 8.696 0 86.80 -18.08 1192.4 
[NTf2]
- 
7 0.4431 65.3 33.557 0 280.15 -17.39 510.0 
[OTf]
-
 8 0.3067 -0.5 17.899 0 149.07 -17.72 905.6 
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Table 6-6: Molecular property operators and reference values for pure IL 
design 
Property Molecular property operator, d(di) Reference value 
Density  - 0 1.8 
Heat of vaporisation vapH  16 
Specific heat capacity Pc /R 300 
 
Table 6-7: Molecular property operator and AUP values of molecular building 
blocks for dominant properties in pure IL design 
Groups k density(density, k) Hvap(Hvap, k) cp(cp, k) AUPk 
CH3 1 -0.0135 0.1563 -0.0328 0.1100 
CH2 2 -0.0173 0.1563 0.0130 0.1519 
[Mim]
+ 
3 0.3079 3.9125 0.1129 4.3332 
[Py]
+ 
4 0.3175 2.4250 0.1169 2.8594 
[MPyr]
+
 5 0.2860 2.4250 0.1097 2.8207 
[BF4]
- 
6 0.1214 4.8625 0.0290 5.0128 
[NTf2]
- 
7 0.2462 4.0813 0.1119 4.4393 
[OTf]
-
 8 0.1704 -0.0312 0.0597 0.1988 
 
Table 6-8: Molecular property cluster values of molecular building blocks for 
dominant properties pure IL design 
Groups k Cdensity, k CHvap, k Ccp, k Sum 
CH3 1 -0.1231 1.4210 -0.2978 1 
CH2 2 -0.1142 1.0287 0.0854 1 
[Mim]
+ 
3 0.0710 0.9029 0.0260 1 
[Py]
+ 
4 0.1110 0.8481 0.0409 1 
[MPyr]
+
 5 0.1014 0.8597 0.0389 1 
[BF4]
- 
6 0.0242 0.9700 0.0058 1 
[NTf2]
- 
7 0.0555 0.9193 0.0252 1 
[OTf]
-
 8 0.8571 -0.1572 0.3001 1 
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6.4.5 Step 5: Translate boundaries of dominant properties into six 
point boundary 
The property constraints of dominant properties were transformed into 
normalised molecular property operators and the results are shown in Table 
6-9. The feasibility region of this IL design problem was also determined 
using these molecular property operators and six point bounding presented by 
El-Halwagi et al. (2004). From these six points, the AUP values of each were 
determined; while the minimum and maximum AUP values were identified as 
2.987 and 13.064.  
 
Table 6-9: Normalised molecular property operator values of lower and upper 
bounds for three dominant properties 
Property Normalised molecular 
property operator, Ωd 
Ωmin Ωmax 
Density Ωdensity 0.2466 0.5243 
Heat of vaporisation ΩHvap 2.5 12.5 
Specific heat capacity Ωcp 0.0401 0.2405 
 
6.4.6 Step 6: Plot all building blocks and six point boundary on 
ternary diagram 
With all cluster values and six point boundary obtained, this pure IL 
design problem was visualised on a ternary diagram, as shown in Figure 6-3. 
Red dotted lines represent the feasibility region bound by six points 
determined in Step 5. In Figure 6-3, different types of functional groups were 
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labelled using different shapes and colours, to ease the design process. 
According to Rule I3, only one cation core and one anion group can be 
chosen, thus only one red triangle and one green diamond on the ternary 
diagram can be matched together at once. The advantage of using visual 
approach is that user can know which groups will be helpful for the design 
problem even before solving the problem. For example, in Figure 6-3, Group 8 
is far away from the feasibility region, it is obvious that this group is not 
helpful at all in building an IL within feasibility region. Thus, this group can 
be omitted during the design process.  
 
6.4.7 Step 7: Generate pure ILs 
Potential pure ILs was generated using Figure 6-3. An example of 
synthesising [C2MPyr][NTf2] using the presented approach is shown in Figure 
6-4. A CH3 group was connected to a CH2 group to form the carbon chain 
(CH3 – CH2), and this carbon chain was added to the desired cation core (e.g. 
[MPyr]
+
 in this case). Following this, [C2MPyr]
+
 cation was combined with 
[NTf2]
-
 anion to form a complete IL structure (CH3 – CH2 – [MPyr]
+
 – [NTf2]
-
). A total of four IL candidates were formulated using proposed approach, as 
shown in Figure 6-5, and their properties were back calculated and presented 
in Table 6-10. The dominant and screening properties of these ILs are within 
targeted ranges, their AUP values are in between the minimum and maximum 
AUP values as well (2.987 and 13.064). Thus, these ILs are valid solutions for 
this design problem. 
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Figure 6-3: Ternary diagram representing pure IL design problem 
 
Organic groups 
Cation cores 
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G1 CH3 
G2 CH2 
G3 [MIm]
+ 
G4 [Py]
+ 
G5 [MPyr]
+ 
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– 
G7 [NTf2]
– 
G8 [OTf]
-
 
 
G1 
G2 
G8 
G5 
G4 
G3 
G7 
G6 
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Figure 6-4: Synthesis path of [C2MPyr][NTf2] 
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G5 
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Figure 6-5: Ternary diagram representing pure IL design results 
 
Table 6-10: Pure IL design results 
ILs i  (g 
cm
-3
) 
vapH  
(kJ 
mol
-1
) 
Pc  (J 
mol
-1
 
K
-1
) 
 
(Pa.s) 
S (mol 
CO2/mol 
IL) 
AUP 
[C4MIm][BF4] 1 1.211 150.4 369.2 0.082 0.097 9.912 
[C4MIm][NTf2] 2 1.435 137.9 575.9 0.038 0.218 9.338 
[C2MPyr][NTf2] 3 1.459 109.1 503.3 0.038 0.132 7.522 
[C4MPyr][NTf2] 4 1.396 114.1 568.0 0.058 0.174 7.826 
 
I1 [C4MIm][BF4] 
I2 [C4MIm][NTf2] 
I3 [C2MPyr][NTf2]
 
I4 [C4MPyr][NTf2]
 
I1 
I2 
I3 I4 
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6.4.8 Step 8: Select pure ILs that are potential as part of the 
mixture 
Designed ILs was used to design IL mixtures, additional ILs can also 
be added into the selection. These additional ILs can be some newly tested ILs 
that show great potential to replace conventional VOC (carbon capture solvent 
in this case study). For example, ammonium-based ILs are recently tested and 
show high CO2 solubility (Nonthanasin et al., 2014), but some of them have 
high viscosity. In this case study, they were added into the list of possible IL 
constituents that can make up IL mixtures. By mixing them with other ILs that 
have low viscosity, the viscosity of mixture can be lowered and yet maintain 
reasonable CO2 solubility. The list of potential IL constituents is given in 
Table 6-11, including ILs designed in Step 9. 
 
Table 6-11: Potential IL constituents for IL mixture design 
ILs i 
[C4MIm][BF4] 1 
[C4MIm][NTf2] 2 
[C2MPyr][NTf2] 3 
[C4MPyr][NTf2] 4 
[N4111][NTf2] 5 
[N1888][NTf2] 6 
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6.4.9 Step 9: Collect data of all target properties and solubility 
parameter, through prediction or experiments 
ILs I1 to I4 in Table 6-11 were designed previously, and their properties 
were taken from Table 6-10. The two additional ILs (I5 to I6) were tested 
through experiments to obtain their densities at temperature of 303.15 K and 
pressure of 700 kPa; while the viscosity was obtained from literature. The cost 
of pure ILs was provided by vendor. The data was given in Table 6-12, along 
with properties of the other four designed ILs. The solubility parameter of 
each IL was determined and presented in Table 6-12 as well. In this case 
study, the Hildebrand solubility parameter, 
IL  is used, and it is determined 
using a GC model  as shown in Equation (6.24) (Kulajanpeng et al., 2014). Pk 
is the contribution of group k to solubility parameter. 
 kk PnIL  (6.24) 
 
Table 6-12: Property data of potential IL constituents for IL mixture design 
ILs i Density, i 
(g cm
-3
) 
Viscosity, i 
(Pa.s) 
Cost, Ci 
(USD 
mol
-1
) 
Solubility 
parameter 
(MPa
1/2
) 
[C4MIm][BF4] 1 1.211 0.082 280.00 31.59 
[C4MIm][NTf2] 2 1.435 0.038 790.00 25.70 
[C2MPyr][NTf2] 3 1.459 0.038 900.00 26.35 
[C4MPyr][NTf2] 4 1.396 0.058 990.00 25.87 
[N4111][NTf2] 5 1.390 0.105 
(Bhattacharjee 
et al., 2014) 
840.00 26.44 
[N1888][NTf2] 6 1.095 0.403 (Fröba et 
al., 2008) 
1350.00 22.12 
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6.4.10 Step 10: Transform prediction models and property data into 
property clusters 
With all the properties and constraints defined, the property operator 
and cluster values of dominant properties can be determined using the 
proposed approach. Using Equations (6.18) to (6.22), the property operators 
were determined and included in Table 6-13, along with the suitable reference 
value for each property. Following the procedures provided, the properties of 
all selected ILs were transformed into property operators and clusters. The 
property operator and AUP values are shown in Table 6-14; while Table 6-15 
shows the cluster values for all pure IL constituents.  
 
Table 6-13: Property operators and reference value for IL mixture design 
Property/functionality Property operator, d(d)M Reference value 
Density 1/ 1 
Heat of vaporisation VBI 40 
Cost C 400 
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Table 6-14: Property operator and AUP values of pure ILs considered in IL mixture design 
ILs i density(density, i) viscosity(viscosity, i) cost(cost, i) AUPi 
[C4MIm][BF4] 1 0.8258 0.7984 0.7000 2.3241 
[C4MIm][NTf2] 2 0.6969 0.7088 1.9750 3.3806 
[C2MPyr][NTf2] 3 0.6854 0.7074 2.2500 3.6428 
[C4MPyr][NTf2] 4 0.7163 0.7539 2.4750 3.9452 
[N4111][NTf2] 5 0.7195 0.8074 2.1000 3.6269 
[N1888][NTf2] 6 0.9132 0.9200 3.3750 5.2082 
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Table 6-15: Property cluster values for all pure ILs considered in IL mixture 
design 
ILs i Cdensity, i Cviscosity, i Ccost, i Sum 
[C4MIm][BF4] 1 0.3553 0.3435 0.3012 1 
[C4MIm][NTf2] 2 0.2061 0.2097 0.5842 1 
[C2MPyr][NTf2] 3 0.1882 0.1942 0.6177 1 
[C4MPyr][NTf2] 4 0.1816 0.1911 0.6273 1 
[N4111][NTf2] 5 0.1984 0.2226 0.5790 1 
[N1888][NTf2] 6 0.1753 0.1766 0.6480 1 
 
6.4.11 Step 11: Determine six point boundary and plot them with all 
pure ILs on ternary diagram 
The property constraints in Table 6-1 were transformed to normalised 
property operators, as shown in Table 6-16. Using six point bounding (El-
Halwagi et al., 2004), the feasibility region of this design problem was 
determined and plotted as red dotted line in Figure 6-6. The minimum and 
maximum AUP values were identified as 1.830 and 3.479. Therefore, this is 
the target AUP range for this IL mixture design problem. Using cluster values 
in Table 6-15, the ILs are plotted on ternary diagram, as shown in Figure 6-6. 
  
Table 6-16: Normalised property operator values of lower and upper bounds 
for three dominant properties in IL mixture design 
Property Normalised property operator, Ωd Ω
min
 Ωmax 
Density Ωdensity 0.500 1.000 
Viscosity Ωviscosity 0.479 0.830 
Cost Ωcost 0.500 2.000 
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Figure 6-6: Ternary diagram representing IL binary mixture design problem 
 
6.4.12 Step 12: Generate IL mixtures 
Given the objective of this case study is to design IL binary mixtures 
only, therefore only two pure IL constituents can be chosen as a result. Four IL 
mixtures were formulated as potential carbon capture solvents using the 
proposed visual approach and the results are presented in Figure 6-7. The 
properties were back calculated and included in Table 6-17. As shown, the 
AUP values of all designed solvents are within the targeted range. All 
designed IL mixtures fulfil the constraints set in Table 6-1 and Table 6-3. 
From the results, a mixture of 95 mol % of [C4MIm][NTf2] and 5 mol % of 
[C2MPyr][NTf2] has the lowest viscosity; while the mixture of 20 mol % of 
I1 [C4MIm][BF4] 
I2 [C4MIm][NTf2] 
I3 [C2MPyr][NTf2] 
I4 [C4MPyr][NTf2] 
I5 [N4111][NTf2] 
I6 [N1888][NTf2] 
I1 
I5 I3 I4 
I6 
I2 
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[C4MIm][BF4] and 80 mol % of [N4111][NTf2] has the highest viscosity yet 
fulfil all constraints. The first mixture was expected because [C4MIm][NTf2] 
and [DEMA][OTF] have the lowest viscosity among all pure ILs. The cost of 
mixture consisting 95 mol % of [C4MIm][BF4] and 5 mol % of 
[C4MIm][NTf2] is lowest among all combinations, as they are among the most 
inexpensive ILs. CO2 solubility of all designed mixture was also calculated 
using Equations (6.16) and (6.17), and the results are given in Table 6-17.  
 
 
Figure 6-7: Ternary diagram representing IL binary mixture design results 
M1 95 % I2 + 5 % I3 
M2 20 % I1 + 80 % I5 
M3 95 % I1 + 5 % I2 
M4 90 % I1 + 10 % I6 
M1 
M3 
M2 M4 
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Table 6-17: IL mixture design results 
IL mixtures IL constituent 1 IL constituent 2  (g cm-3)  (Pa.s) C (USD mol
-1
) S (mol CO2/mol solvent) AUP 
IL mol % IL mol % 
M1 I2 95 I3 5 1.436 0.038 795.50 0.214 3.394 
M2 I1 20 I5 80 1.350 0.100 728.00 0.168 3.366 
M3 I1 95 I2 5 1.221 0.079 305.50 0.116 2.377 
M4 I1 90 I6 10 1.198 0.094 387.00 0.130 2.613 
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6.5 Summary 
A systematic property based visual approach to design ionic liquid (IL) 
and IL mixture as carbon capture solvent has been presented in this chapter. 
This approach introduces a property platform to solve IL and IL mixture 
design problem, through property clustering technique. Using this presented 
approach, an IL-based solvent problem can now be solved visually using 
ternary diagrams, which provides user useful insights to both the problem and 
solutions. On ternary diagram, each vertex is representing one pure property 
cluster, so only three dominant properties can be displayed on the diagram. 
Nonetheless, more properties can be considered as screening properties. 
Mathematical optimisation approach can be utilised if many properties or 
considerations are included in the mixture design problem. For all properties 
considered, constraints should be included and final IL formulation must fulfil 
these constraints. Design and optimisation rules were developed to aid the 
design of IL and IL mixture using this approach. To overcome the problem of 
lacking prediction models for IL mixture, this approach can utilise both 
experimental data and prediction models. An illustrative case study to design 
potential IL and IL mixture as carbon capture solvent was solved to 
demonstrate the application of the proposed approach. So far, all the 
developed approaches only solve IL-based solvent design problem, without 
considering any aspect from process design. However, the designed IL and 
process conditions are affecting each other closely, hence they should be 
considered simultaneously, which will be further discussed in Chapter 7.   
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CHAPTER 7 
 
A SYSTEMATIC APPROACH TO DETERMINE TASK-
SPECIFIC IONIC LIQUID AND OPTIMAL OPERATING 
CONDITIONS USING DISJUNCTIVE PROGRAMMING 
 
7.1 Introduction 
This chapter presents a systematic approach for the selection of optimal 
ionic liquid (IL) specifically for the purpose of carbon dioxide (CO2) capture, 
and identification the optimal system conditions for carbon capture process 
simultaneously. This is the first step to integrating IL design and process 
design, by considering the operating conditions during IL design stage. The 
proposed approach in this chapter is an extension of approach presented in 
Chapter 5. Since most of the ILs to be designed are novel solvents, their 
thermophysical properties will be estimated using group contribution (GC) 
method. Appropriate structural constraints were defined to ensure the structure 
of the synthesised IL is feasible. Besides, it is necessary to identify the optimal 
conditions of the carbon capture processes, as the performance of ILs changes 
according to the operating conditions, which in turn affects the overall 
performance of the carbon capture process. This was done through disjunctive 
programming, as it can discretise continuous variables and reduce search 
space for results. An illustrative case study was solved to demonstrate the 
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proposed approach. CO2 solubility of IL was set to be design objective, 
density and viscosity were taken into consideration in the design problem. Ten 
potential ILs were obtained as results. The regeneration energy required to 
reproduce designed IL solvents for the case study was estimated through 
simulation, and compared to the regeneration energy for conventional CO2 
capturing solvent to ensure these IL solvents are viable for industry. Besides, 
the proposed approach was used to study the effect of temperature on CO2 
solubility and viscosity of different ILs, and presented in this chapter.  
 
7.2 Problem Statement 
The main problem is aimed to design an optimal ionic liquid (IL) for 
carbon capture purpose, from a given set of pre-selected cation cores, anions, 
and organic functional groups, and to determine the optimal operating 
conditions for this designed IL, based on a specific design objective, fulfilling 
target properties and relevant constraints. A superstructure representation of 
allowed combinations of all molecular fragments is shown in Figure 7-1. 
 
The specific problem to be addressed is stated as below: 
1) Design an IL based on carbon capture performance that satisfies all 
target properties and specified constraints. The carbon capture 
performance can be defined by carbon dioxide (CO2) solubility of IL.  
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j = 1
j = 2
m = 1
m = 2
n = 1
n = 2
Organic 
groups
Cation cores Anions
n = tm = sj = r
...
...
...
 
Figure 7-1: Schematic representation of combinations of all molecular groups 
(replicated from Figure 4-1) 
 
2) The superstructure comprises of r organic functional groups, s cation 
cores, and t anions, which are selected based on gas absorption and 
separation performance of IL beforehand (Baltus et al., 2004). Since 
this work aims to design pure IL for carbon capture, the choice of 
cation core and anion is limited to one each. 
3) Operating temperature, T and operating pressure, P are modelled as 
variables so that the model will determine the optimal operating 
conditions for carbon capture process using the designed IL.  
4) The selectivity of other gases over CO2 is assumed to be negligible 
during the development of this approach. Besides, the proposed 
approach considers only physical absorption mechanism; hence no 
reaction is involved between CO2 and IL. 
 158 
 
 
7.3 Optimisation model 
In this section, the formulation to identify optimal ionic liquid (IL) as 
carbon capture solvent is presented and discussed in detail. Similar to the 
methodology presented in Chapter 5, the design objective and target 
performance of IL solvent should be identified and translated into measurable 
properties. All properties are estimated using suitable group contribution (GC) 
models. Structural constraints must be fulfilled by the designed IL. As 
mentioned in Section 7.2, the operating conditions were modelled as variables 
in this proposed approach. Since the carbon dioxide (CO2) solubility in ILs 
changes according to temperature and pressure, the operating conditions of the 
carbon capture process becomes part of the optimisation objective. 
Temperature and pressure can be modelled as continuous variables to provide 
good results to the problem. However, the model is more complex to be 
solved, because the search space for results is much larger, as compared to a 
model which only considers fixed operating conditions. To avoid solve the 
model effectively, it can be modelled using disjunctive programming. 
 
7.3.1 Optimal Operating Conditions via Disjunctive Programming 
Disjunctive programming reformulates continuous non-linear function 
as piecewise linear functions over discrete domains (El-Halwagi, 2012). As 
shown in Figure 7-2, the feasible operating temperatures and pressures were 
broken down into few ranges. According to El-Halwagi (2012), when more 
ranges are included, the better resemblance of the original function can be 
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obtained. However, this is unrealistic because the total number of variables in 
the model will be too high and this will make the model more complicated as 
well. Hence, a reasonable number of ranges should be selected to provide a 
proper balance between accuracy in representing the function against the 
number of ranges. Next, operating temperatures and pressures were discretised 
with each range represented by its midpoint. The discretisation function with 
disjunctive programming can be described by the following equations. 
 
T
TL T1
switch T2
switch ... ... TU
P
PL P1
switch P2
switch ... ... PU
T0
chosen T1 T2 ... Tu
P0
chosen P1 P2 ... Pv
 
Figure 7-2: Operating temperature and pressure ranges 
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where T
L
 and T
U
 are lower and upper bounds to any feasible operating 
temperature, P
L
 and P
U
 are lower and upper bounds for operating pressure, 
Tg
chosen
 and Ph
chosen
 are chosen system temperature and chosen system pressure, 
Tg and Ph are temperature range g and pressure range h, Tg
switch 
is boundary 
temperature between temperature ranges and Ph
switch
 is boundary pressure 
between pressure ranges.  
 
Binary integers Ig and Ih were introduced in the model for temperature 
and pressure selection. In Equation (7.2), the first part of the inequality is 
always negative because Tg
switch
 is always larger than T
L
. In contrast to that, 
the last part of the inequality is always positive, as Tg
switch
 is always smaller 
than T
U
. When the temperature value T is higher than Tg
switch
, the middle part 
of the inequality will be positive, Ig is then forced to be 0 in Equation (7.2) so 
that the inequality is valid. This also forces Tg to be chosen in Equation (7.1). 
On the other hand, if the temperature is lower than Tg
switch
, Ig is forced to be 1, 
while Tg-1
chosen
 will be chosen. Similar trend occurs for pressure selection 
using Equations (7.3) and (7.4). By including Equations (7.1) to (7.4) in the 
model, whenever temperature or pressure falls into one of the pre-defined 
ranges, it will be represented by the midpoint of the range. For example, any 
temperature value falls between T
L
 and T1
switch
, it is now represented as 
T0
chosen
. In this manner, the continuous variable temperature is now translated 
to discrete variable. Once the operating conditions are determined, 
temperature and pressure dependent variables will be computed accordingly. 
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7.3.2 Solution Procedure  
The proposed method to design IL as carbon capture solvent, and 
determine the optimal operating conditions of the designed IL is discussed in 
details. Figure 7-3 summarises the procedure. 
 
Step 5: Select prediction models for all target 
properties, that consider operating conditions
Step 6: Select molecular building blocks and 
collect data for all target properties
Step 1: Define objective of the IL design 
problem
Step 7: Determine optimal IL and operating 
conditions based on design objective
Step 4: Identify target properties and define 
boundaries of each property
Step 3: Breakdown ranges for the use of 
disjunctive programming
Step 2: Identify feasible ranges of operating 
conditions for carbon capture process 
 
Figure 7-3: Proposed approach to design IL-based carbon capture solvent and 
determine its optimal operating conditions 
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Step 1: Firstly, the objective of IL design problem is identified by specifying 
the most concerned target property in this design problem. The 
design objective can be thermophysical properties that can affect 
functionality, environmental and economical performance of 
designed IL in carbon capture process. The operating conditions of 
carbon capture process are included as part of the optimisation 
objective, because they affect the performance of IL and the process. 
This optimisation objective can be written in general as below. 
hgf hg ,         maximise ,   (7.5) 
 where hgf ,  is the design objective in temperature range g and 
pressure range h. The objective shown in Equation (7.5) is targeted to 
be max, but maximising or minimising the objective is dependent on 
the main concern in the process.  
Step 2: The feasible ranges of operating conditions for carbon capture 
process should be identified. Since the designed IL solvent is meant 
to replace conventional solvent, the ranges of operating conditions 
should follow that of conventional solvent.  
Step 3: The operating conditions for the design problem should be broken 
down into smaller ranges in this step. As discussed in Section 7.3.1, a 
reasonable number of ranges must be selected to have a proper 
balance between accuracy in representation of the model against 
number of ranges. Each range is then represented by its midpoint. 
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Step 4: Target properties for the IL design problem are determined, along 
with their respective upper and lower limits. These target properties 
will be kept as constraints for the IL design problem. They can be 
expressed as Equation (7.6), d is the d
th
 property, d
min
 is lower 
bound and d
max
 is upper bound of d
th
 property.  
maxmin
ddd    (7.6) 
Step 5: Reliable property prediction models are identified for all target 
properties, to estimate properties of IL. The choice of prediction 
models is important because it will affect the overall accuracy of the 
formulation. 
Step 6: Molecular groups should be identified for the IL design problem in 
this step. Similar to the approach proposed in Chapter 5, these groups 
consist of organic groups, cations, and anions, to form a complete IL. 
The building blocks are chosen such that designed IL can possess 
similar properties as conventional products for the designated 
application, as the designed IL is substituting conventional carbon 
capture solvent. Data of all chosen molecular building blocks should 
be collected, which is used to estimate properties of IL structure with 
these building blocks.  
Step 7: The optimal IL that satisfies all target properties is designed based on 
the design objective, and its operating conditions is determined 
simultaneously. The selectivity of other gases over CO2 was not part 
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of this work, i.e. only CO2 will be absorbed by the selected IL. As 
discussed in Section 5.3, equilibrium relationships must be 
considered. 
  Schosen ,, iiiiihi PxyPTPy    (7.7) 
  where xi and yi are the mole fractions of component i in liquid and 
gas phases respectively, i is activity coefficient, Pi
S
 is the saturated 
vapour pressure of component i, and φi(T,P,yi) is the gas-phase 
fugacity coefficient. The activity coefficient was determined using 
Original UNIFAC model, consisting of combinatorial contribution, 
ln γi
C
 and residual contribution, ln γi
R
 as given in Equation (7.8). The 
details of UNIFAC model are given in Appendix Section A.2.1. 
Group parameters and binary interaction parameters of IL for 
UNIFAC model presented by Lei et al. (2013) have been used to 
predict activity coefficient. Cation core should be combined with 
anion when using these parameters presented by Lei et al. (2013), 
which is presented in Section 5.3.  
iγγγ iii         ln ln ln
RC
 (7.8) 
 Equation of state proposed by Span and Wagner (1996) was 
employed to calculate the gas-phase fugacity coefficient, with the 
details explained in Appendix Section A.2.2. Saturated vapour 
pressure of CO2 was calculated using extrapolated Antoine equation 
proposed by Shiflett and Yokozeki (2006). To ensure the designed IL 
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is valid solution, relevant constraints should be included. Summation 
of mole fractions for both phases is included as constraints because 
both liquid and gas phases are involved in carbon capture process, as 
given in Equations (7.9) and (7.10).  
1
i
iy
 (7.9) 
 
i
ix 1
 (7.10) 
 where yi and xi are vapour and liquid fractions respectively. 
Equations (7.11) and (7.12) are structural constraints for IL design. 
The final structure of designed IL must consist of at least two 
building blocks according to Equation (7.11), and it must not have 
any free bond, as described in Equation (7.12). In these equations, vk 
is the number of group k and nk is the available free bond of group k. 
2
k
kv
 (7.11) 
012 





 
k k
kkk nvn
 
(7.12) 
 Since this proposed methodology focuses on pure IL design, only 
one cation and one anion can be chosen. Equations (7.13) and (7.14) 
are included to make sure only a pair of cation and anion will be 
chosen,  
 
m
m     1
 (7.13) 
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 
n
n  1
 (7.14) 
 where αm and βn are the binary variables representing each cation m 
and each anion n. 
 
7.4 Case Study 
An illustrative case study was solved to demonstrate the presented 
approach. A post-combustion carbon capture unit in a coal-fired power plant is 
treating vent gas stream consisting of nitrogen, carbon dioxide (CO2), water 
vapour, oxygen, and some other trace gases. The compositions of these gases 
are given in Table 7-1, data was adapted from Global CCS Institute (2012). 
The CO2 absorption process is running at 323.15 K and 0.1 MPa (Yu et al., 
2012). Amine-based carbon capture solvent is currently being used in the 
carbon capture process, and it is desired to replace this solvent with ionic 
liquid (IL) solvent. Since the carbon capture performance of solvent can be 
affected by operating conditions, hence the optimal operating conditions for IL 
solvent is yet to be determined. The suitable IL solvent is to be designed using 
the proposed approach, together with its optimal operating conditions.  
 
7.4.1 Step 1: Define objective of the IL design problem 
The design objective was identified in this step. The IL is designed for 
carbon capture purpose, and carbon capture performance is the main concern. 
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This can be measured by CO2 solubility of IL (S) in terms of mole CO2 per 
mole IL. The CO2 solubility must be maximised for best carbon capture 
performance, as given in Equation (7.15).  
hgS hg ,      max , 
 
(7.15) 
where Sg,h stands for the CO2 solubility of selected IL in temperature range g 
and pressure range h. By introducing this objective function, the model will 
compare CO2 solubility of all possible ILs between temperature ranges g and 
g+1 in Equations (7.1) and (7.2), and also between pressure ranges h and h+1 
in Equations (7.3) and (7.4). The IL, with the corresponding temperature and 
pressure ranges, that has the highest CO2 solubility will be chosen, and then 
compared with next temperature and pressure range. Taking the first two 
temperature ranges as example, the first range will be T0
chosen
 by default, and 
this will be compared with T1. If an IL in T1 is determined to be the optimal IL 
among all combinations in both temperature ranges, T1 will be chosen as 
T1
chosen
 according to Equation (7.1). This result will then be compared with all 
possible ILs in T2. The comparisons will be carried on for all pre-defined 
temperature ranges up to Tu, similar procedure will be carried out for pressure.  
 
Table 7-1: Compositions of flue gases from coal-fired power plant 
Gas constituent Composition (wt%) 
Nitrogen 70 
Carbon dioxide 15 
Water vapour 10 
Oxygen 4 
Trace gases (SOx, NOx, others) 1 
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7.4.2 Step 2: Identify feasible ranges of operating conditions for 
carbon capture process 
The designed IL will be replacing an amine-based solvent being used 
currently, which is operating at 323.15 K and 1.0 bar. The range can be set 
around the current operating temperature and pressure. For illustration 
purpose, feasible operating temperature range was set to be 323.15 to 373.15 
K in this case study; while feasible pressure range was set between 0.5 and 1.0 
MPa.  
 
7.4.3 Step 3: Breakdown ranges for the use of disjunctive 
programming 
In this step, the ranges defined in Step 2 were broken down into 
smaller ranges according to the conditions. As discussed in Section 7.3, 
reasonable temperature and pressure ranges should be chosen to represent the 
model for this design problem. Both the operating temperature and pressure 
were broken down into five ranges as illustrated in Figure 7-4. This 
information will be used as part of disjunctive programming later. 
 
7.4.4 Step 4: Identify target properties and define boundaries of 
each property 
Apart from CO2 solubility of IL was set as design objective, density () 
and viscosity () of IL were chosen as target properties in this case study. 
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Density is important as it is a basic transport property and required for 
viscosity calculation. Viscosity affects the pumping power required to 
circulate the solvent within the system, and hence the operating cost as well. 
The target ranges of properties were set according to properties of amine-
based solvent. Viscosity of IL solvent should be kept as low as possible to 
ensure pumping power required is at minimum, and therefore set to be lower 
than 0.1 Pa.s. The targeted property ranges are shown in Table 7-2. 
 
T (K)
323.15 333.15 343.15 353.15 363.15 373.15
P (MPa)
0.50 0.60 0.70 0.80 0.90 1.00
328.15 338.15 348.15 358.15 368.15
0.55 0.65 0.75 0.85 0.95
 
Figure 7-4: Midpoints for all temperature and pressure ranges considered in 
the case study 
 
Table 7-2: Target property ranges to design IL solvent 
Property Lower bound Upper bound 
Density,  (g cm-3) 1.0 2.0 
Viscosity,  (Pa.s) 0 0.1 
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7.4.5 Step 5: Identify prediction models for all target properties 
Appropriate prediction models were selected for all properties involved 
in this step. Density can be estimated using Equations (7.16) and (7.17) 
(Gardas and Coutinho, 2008a), Equations (7.18) to (7.20) are models to 
predict viscosity of IL (Gardas and Coutinho, 2008b), and Equation (7.21) was 
used to determine CO2 solubility of ILs, after the mole fraction of CO2 in 
liquid phase at equilibrium was determined. 
 chosenchosen hg cPbTaNV
M


 
(7.16) 
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kk AvA ,μμ
 (7.19) 

k
kk BvB ,μμ
 (7.20) 
,g,hhghg xxS IL,,CO, 2  (7.21) 
where N is the Avogadro constant (given as 0.6022), V is the molecular 
volume in Å
3
, the coefficients a, b and c were estimated as 0.8005, 6.652 x 10
-
4
 K
-1
 and -5.919 x 10
-4
 MPa
-1
 respectively. Equation (7.17) shows that 
molecular volume of IL is equivalent to the sum of molecular volume of each 
group (Vk) that occur in the structure. In Equation (7.18), μ is IL viscosity in 
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Pa.s, ρ is IL density in g cm-3, M is IL molecular weight in g mol-1. For 
Equations (7.19) and (7.20), vk is the number of group k, Ak, and Bk,are 
contributions of group k to parameters A and B, respectively.  
 
7.4.6 Step 6: Select molecular building blocks and collect data for 
all target properties 
Molecular building blocks were selected for this case study. Table 7-3 
shows the molecular fragments that are available for this design problem. 
These fragments are chosen because they are among the most widely studied 
cations and anions. Their respective data for all prediction models was 
collected (Gardas and Coutinho, 2008a, 2008b) as well and presented in Table 
7-4. Table 7-5 and Table 7-6 show the necessary parameters for UNIFAC 
model calculations.  
 
Table 7-3: Organic function groups, cation cores, and anions considered 
Type k Groups  Type k Groups 
Organic groups 1 CH3  Anions 5 [BF4]
-
 
 2 CH2   6 [PF6]
-
 
Cation cores 3 [Mim]
+
   7 [Cl]
-
 
 4 [Im]
+ 
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Table 7-4: Free bond number, molecular weights, and data for target 
properties of all molecular building blocks 
Building blocks k kn  Molecular weight (g mol
-1
) kV  ,kA  ,kB  
CH3 1 1 15.03 35 -0.74 250.0 
CH2 2 2 14.03 28 -0.63 250.4 
[Mim]
+ 
3 1 82.10 119 7.30 1507.1 
[Im]
+ 
4 2 67.07 79 8.04 1257.1 
[BF4]
- 
5 0 86.80 73 -18.08 1192.4 
[PF6]
- 
6 0 144.96 107 -20.49 2099.8 
[Cl]
-
 7 0 35.45 47 -27.63 5457.7 
 
Table 7-5: Group parameters of volume Rk and surface area Qk in UNIFAC 
model  
m Main group Subgroup Rk Qk 
1 CH2 CH3 0.9011 0.8480 
  CH2 0.6744 0.5400 
2 CO2 CO2 1.2960 1.2610 
3 [Mim][BF4] [Mim][BF4] 6.5669 4.0050 
4 [Mim][PF6] [Mim][PF6]
 
7.6909 4.6930 
5 [Mim][Cl] [Mim][Cl]
 
5.7073 4.9741 
  
Table 7-6: Group binary interaction parameters between group m and n for the 
UNIFAC model  
m n amn anm 
1 2 28.05 672.80 
 3 1180.51 588.74 
 4 692.26 401.54 
 5 2093.97 1129.01 
2 3 -14.44 430.80 
 4 -66.74 460.25 
 5 2693.80 -67.35 
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7.4.7 Step 7: Determine optimal IL and operating conditions based 
on design objective 
In this step, the design problem can be solved using all the collected 
data and property prediction models. The formulation to solve this problem 
was modelled as a mixed integer non-linear programming (MINLP) model. 
The solution of this formulation will predict the molecular structures with the 
optimal properties. However, it is possible that many of the solutions may be 
difficult to synthesise or too expensive to use as a solvent. Therefore, integer 
cuts have been applied to produce multiple solutions in the order of their 
optimality to provide some flexibility for the decision maker. 
 
The formulation of MINLP model for this case study is given in the 
following equations. 
hghghg xxS ,IL,,,CO, 2max   (7.22) 
)1(chosen1
chosen
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Equation (7.22) is the objective function, and Equations (7.23) to 
(7.26) are temperature and pressure ranges selection using disjunctive 
programming. Equations (7.27) to (7.33) are prediction models for target 
properties and the rest are structural constraints. Solving the MINLP 
formulation, the optimal results were obtained and [C14MIm][BF4] was 
determined as the optimal IL; while the optimal operating temperature range 
and pressure range were determined as 333.15 to 343.15 K and 0.90 to 1.00 
MPa. This results means that [C14mim][BF4] has the highest CO2 solubility 
among all possible combinations of cation and anion in the identified 
temperature and pressure ranges, fulfilling all given constraints at the same 
time. It has a predicted solubility of 0.1846 mol CO2/mol IL; while its 
viscosity is predicted to be 0.09431 Pa.s, which is less than the upper limit, i.e. 
0.1 Pa.s. However, there is no solubility data for this IL in literature, and 
hence no comparison can be conducted at this time. Nine alternative ILs are 
determined by doing integer cuts, along with their respective optimal 
operating temperature range, and the results are shown in Table 7-7. As 
shown, the results obtained by solving this model corresponds to the best ILs 
that one could find from allowed combinations of anions and cations. This 
means that the proposed approach provide optimal structure of IL for CO2 
absorption, according to the given specifications or performance targets. 
 
Given that literature data of ILs is scarce, predicted solubility was only 
compared to available experimental data, using Equation (7.39). The relative 
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deviations between literature experimental solubility data and predicted 
solubility data are shown in Table 7-7. Among all designed ILs, literature data 
is only available for one, which shows acceptable relative deviations (less than 
10 %). The small difference occurs mainly due to the errors present in the 
chosen prediction models. This can be improved by either using other 
prediction models, or incorporate newly available experimental data into 
current models. 
 
100
data alExperiment
 valuePredicteddata alExperiment
Deviation Relative 


 
(7.39) 
 
Comparing the results obtained from integer cuts with the optimal 
result, it can be said that the global optimal is achieved. The proposed 
approach is shown to be able to design optimal ILs for carbon capture purpose 
and determine the optimal operating conditions simultaneously. Similar to 
previous approach in Chapter 5, this approach adapts group contribution (GC) 
based predictive models, and hence limited by the availability of contribution 
data. 
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Table 7-7: Optimal IL molecular design results 
IL chosen Chosen system 
temperature range, 
Tg
chosen
 (K) 
Chosen system 
pressure range, 
Ph
chosen
 (MPa) 
Predicted 
viscosity,  (PA.s) 
Predicted 
solubility, Sg,h 
(mol CO2/mol IL) 
Experimental 
solubility 
Relative 
deviation (%) 
[C14MIm][BF4] 333.15 – 343.15 0.90 – 1.00 0.09431 0.1846 - - 
[C10MIm][BF4] 323.15 – 333.15 0.90 – 1.00 0.08628 0.1786 - - 
[C13MIm][BF4] 333.15 – 343.15 0.90 – 1.00 0.08198 0.1756 - - 
[C9MIm][BF4] 323.15 – 333.15 0.90 – 1.00 0.07313 0.1667 - - 
[C12MIm][BF4] 333.15 – 343.15 0.90 – 1.00 0.07122 0.1665 - - 
[C11MIm][BF4] 333.15 – 343.15 0.90 – 1.00 0.06183 0.1571 - - 
[C8MIm][BF4] 323.15 – 333.15 0.90 – 1.00 0.06194 0.1547 0.1628(Gutkowski 
et al., 2006) 
4.98 
[C14MIm][BF4] 343.15 – 353.15 0.90 – 1.00 0.05532 0.1537 - - 
[C10MIm][PF6] 333.15 – 343.15 0.90 – 1.00 0.09282 0.1480 - - 
[C10MIm][BF4] 333.15 – 343.15 0.90 – 1.00 0.05363 0.1477 - - 
 
 
 178 
 
 
7.5 Regeneration Energy for Ionic Liquids and 
Monoethanolamine 
For the designed ionic liquids (ILs) to be viable in industrial process, 
the energy required to reproduce high purity IL solvent should be lower than 
or equal to that of monoethanolamine (MEA). Therefore, the desorption 
process using MEA and all ten ILs shown in Table 7-7 was simulated using 
Aspen HYSYS version 8.4 (Sittler and Ajikutira, 2013) for comparison. 
Carbon dioxide (CO2) absorption generally occurs in the range of 40 to 60 
o
C; 
while desorption occurs around 110 to 140 
o
C (Li et al., 2013). After the 
absorption process, CO2 rich solvent is preheated prior to the desorption 
process. CO2 desorption from MEA and IL are simulated based on process 
described by Li et al. (2013) and Ali et al. (2013). For MEA solvent 
regeneration, the desorption unit was modelled as desorber with reboiler as 
shown in Figure 7-5 (Li et al., 2013); while the desorption unit for ILs 
solvent regeneration was modelled using flash column as presented in Figure 
7-6 (Ali et al., 2013a). NRTL fluid package was used to simulate CO2 
desorption from MEA solvent (Zhang and Chen, 2013), because the process 
involves non-ideal system and polar mixtures. On the other hand, Peng-
Robinson fluid package was used for simulation of CO2 desorption from ILs, 
because it was shown that Peng-Robinson is suitable to model this process 
(Ali et al., 2013a). The total energy required to regenerate different solvents 
are shown in Table 7-8.  
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The absorption temperature is the temperature of CO2-rich solvent 
before entering the heater. As shown, the total energy required to regenerate 
MEA solvent is highest among all, which indicates that the designed ILs using 
proposed approach are suitable to replace MEA in CO2 absorption. 
 
 
Figure 7-5: Desorption of CO2 from MEA solvent 
 
 
Figure 7-6: Desorption of CO2 from IL solvent 
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Table 7-8: Energy required for solvent regeneration 
Solvent Absorption 
Temperature (K) 
Absorption 
Pressure (MPa) 
Energy required 
(kJ/mol CO2) 
30 wt% MEA 328.15 0.95 136.70 
[C14MIm][BF4] 338.15 0.95 64.10 
[C10MIm][BF4] 328.15 0.95 75.66 
[C13MIm][BF4] 338.15 0.95 62.23 
[C9MIm][BF4] 328.15 0.95 77.97 
[C12MIm][BF4] 338.15 0.95 60.50 
[C11MIm][BF4] 338.15 0.95 58.23 
[C8MIm][BF4] 328.15 0.95 68.76 
[C14MIm][BF4] 348.15 0.95 78.61 
[C10MIm][PF6] 338.15 0.95 60.54 
[C10MIm][BF4] 338.15 0.95 61.62 
 
7.6 Effect of Temperature on Carbon Dioxide Solubility and 
Viscosity of Ionic Liquids 
After the potential ionic liquids (ILs) were obtained in the Section 
7.4.6, integer cuts were done further to study the effect of temperature on two 
important properties of ILs, i.e. carbon dioxide (CO2) solubility and viscosity. 
The ILs that were studied in this work are all imidazolium based with one 
alkyl chain between C6 to C12 and one methyl group, for three different 
anions including tetrafluoroborate, hexafluorophosphate, and chloride. The 
results are shown in Figure 7-7 to Figure 7-12. In general, the figures show 
that the amount of CO2 solubility increases with the increasing carbon chain 
length attached to cation core. These results tally with literature study done by 
Baltus et al. (2004) on CO2 solubility of different imidazolium-based ILs. 
Apart from that, Figure 7-7, Figure 7-9 and Figure 7-11 also show that, ILs 
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can absorb more CO2 at lower temperature range. This trend is similar to the 
experimental results shown by Karadas et al. (2013). In Figure 7-8, Figure 
7-10 and Figure 7-12, the ILs viscosity is shown to be decrease with 
increasing temperature. The study also shows that viscosity of ILs increase 
when the alkyl chain attached to imidazolium cation core increases. Therefore, 
the ILs that are chosen for CO2 absorption have longer alkyl chain, and the 
optimal operating temperature chosen will be as low as possible. 
 
 
Figure 7-7: Effect of temperature on CO2 solubility 1-alkyl-3-
methylimidazolium tetrafluoroborate 
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Figure 7-8: Effect of temperature on viscosity of 1-alkyl-3-
methylimidazolium tetrafluoroborate 
 
 
Figure 7-9: Effect of temperature on CO2 solubility 1-alkyl-3-
methylimidazolium hexafluorophosphate 
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Figure 7-10: Effect of temperature on viscosity of 1-alkyl-3-
methylimidazolium hexafluorophosphate 
 
 
Figure 7-11: Effect of temperature on CO2 solubility of 1-alkyl-3-
methylimidazolium chloride 
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Figure 7-12: Effect of temperature on viscosity of 1-alkyl-3-
methylimidazolium chloride 
 
7.7 Summary 
In this chapter, a systematic approach based on computer-aided 
molecular design (CAMD) technique, was developed for optimal ionic liquid 
(IL) design and simultaneous target of operating conditions for carbon capture 
process. The proposed approach was extended from methodology presented in 
Chapter 5, as a first step to integrate IL design and process design. Optimal IL 
solvent can be determined for carbon capture purpose using proposed 
approach, and its optimal operating conditions will be identified through 
disjunctive programming at the same time. An illustrative case study was 
presented to show the proposed approach. A mixed integer non-linear 
programming (MINLP) model was formulated and solved for this case study 
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to determine the optimal IL with highest carbon dioxide (CO2) solubility, and 
at the same time determine the optimal operating conditions using designed 
ILs. The energy demand to regenerate the designed ILs after CO2 absorption 
ware determined by using Aspen HYSYS simulation, and the results were 
compared to monoethanolamine (MEA). The results show that ILs need lower 
amount of energy during solvent regeneration, as compared to MEA. The 
effect of temperature on CO2 solubility and viscosity of ILs was studied as 
well. The results suggest that the lower the temperature, the higher the CO2 
solubility and viscosity of ILs. Thus, the trade-off between these two 
properties must be evaluated during ILs design for carbon capture. The 
formulation utilised group contribution (GC) property predictive models, and 
thus the accuracy of this approach depends on the accuracy of the accuracy of 
prediction models used. Similar to approach developed in Chapter 5, the 
selectivity of CO2 over other gases was not considered. In this approach, only 
the relationship between operating conditions of carbon capture process and 
ILs was considered. However, the performance of whole process will be 
affected by the choice of IL as well. This design consideration will be studied 
in Chapter 8.  
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CHAPTER 8 
 
INTEGRATION OF IONIC LIQUID DESIGN AND 
PROCESS DESIGN 
 
8.1 Introduction 
Different approaches have been developed to solve ionic liquid (IL) 
and IL mixture design problem for carbon capture purpose. The effects of IL 
solvent on carbon capture system operating conditions have been 
demonstrated in previous chapter, but the effect on overall process was not 
studied. Carbon capture system is implemented commonly to reduce carbon 
dioxide (CO2) emission from a process and fulfil the emission limit set by 
authorised organisations. However, performance of the process can be affected 
when carbon capture system is installed, including the increment in utility 
consumption and operating cost. Therefore, the integration of IL design and 
process should be done to study these effects, at the same time to confirm that 
addition of carbon capture system is favourable from different aspects. 
Extending the approach proposed in Chapter 7, a systematic approach to 
design IL as carbon capture solvent with the consideration of effects on overall 
process is presented in this chapter. The developed approach adapts the data of 
process involved prior to carbon capture, to design IL solvent by targeting 
most optimum carbon capture performance within a range of operating 
conditions. An illustrative example involving bio-energy production system 
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was solved to demonstrate the proposed approach. Combination of bio-energy 
system and carbon capture system is one of the potential technologies with 
negative CO2 emission (i.e. removing CO2 from the atmosphere). The effect of 
carbon capture system on bio-energy system was studied, specifically on the 
utilities required by carbon capture system and parasitic loads on bio-energy 
system. Bio-energy system can supply different energy products to carbon 
capture system, but it will increase the amount of CO2 produced and also the 
utilities required by carbon capture system. Therefore, this effect was studied 
using proposed approach; designers can decide how the bio-energy system 
should be retrofitted according to the results. 
 
8.2 Problem Statement 
The overall problem to be addressed is stated as follows: Develop a 
systematic approach to design an optimal ionic liquid (IL) carbon capture 
solvent and its optimal operating conditions, from a given set of pre-selected 
cation cores, anions, and organic functional groups to meet the target 
properties and constraints. The optimal IL solvent should designed based on 
design objective, and it must satisfy all target properties and constraints. The 
approach should also take the effect of carbon capture system on the entire 
process, and assist in making decision about retrofitting the entire process, to 
ensure the process is efficient and yet environmental friendly. A superstructure 
representation of all allowed combinations of molecular building blocks is 
shown in Figure 8-1. The specific problem to be addressed is stated as follows: 
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1) Design an IL with the most optimal performance from the groups 
available in the superstructure, considering the effect of carbon 
capture system on the entire process. The designed IL must fulfil all 
target properties and constraints. 
2) The superstructure comprises of r organic functional groups, s cation 
cores, and t anions. These groups are selected based on gas absorption 
and separation performance of IL beforehand (Baltus et al., 2004). 
Since this work aims to design pure IL for carbon capture, the choice 
of cation core and anion is limited to one each. 
3) Operating temperature, T and operating pressure, P are modelled as 
variables so that the model will determine the optimal operating 
conditions for the carbon capture system using the chosen IL.  
4) The selectivity of other gases over carbon dioxide (CO2) is assumed to 
be negligible during the development of this approach. 
 
8.3 Optimisation Model 
A generic formulation to design ionic liquid (IL) solvent and 
implementing carbon capture system in an existing process is shown in this 
section. Firstly, all related information of the process should be gathered, and 
the outputs of the process can be determined by using input-output (IO) 
models. The collected information is then used to identify the optimal IL 
solvent that suits the process based on an objective, subject to all relevant 
constraints, similar to the approach presented in Chapter 7. Once the solvent is 
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identified, the effect of carbon capture system installation on the entire process 
will be studied, followed by decision making on modification of the process to 
accommodate the carbon capture system installation.  
 
j = 1
j = 2
m = 1
m = 2
n = 1
n = 2
Organic 
groups
Cation cores Anions
n = tm = sj = r
...
...
...
 
Figure 8-1: Schematic representation of combinations of all groups (replicated 
from Figure 4-1) 
 
8.3.1 Input-Output Modelling 
IO modelling was used to represent existing process prior to carbon 
capture system, enabling user to determine the conditions and flowrates of all 
outputs of the process. The IO models employed are similar to those used in 
the proposed analytical framework for industrial ecosystems (Duchin, 1992), 
modelling sudden perturbations to complex industrial networks (Khanna and 
Bakshi, 2009), and analysing bottlenecks in multi-functional energy systems 
(Tan et al., 2012). IO modelling is a method to systematically quantify mutual 
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interrelationships between components of a complex system in one or more 
time periods (Miller and Blair, 1985). Although this approach was initially 
developed and used for modelling the quantitative relationships of economic 
systems (Leontief, 1936), it can be applied to any network or system with 
various component units such as a bio-energy system. The earliest application 
of IO models to analyse industrial complexes was demonstrated by Isard and 
Schooler (1959).  
 
Each component unit is described using only key mass or energy 
balances and expressed using an IO model in its matrix form, as described by 
Equation (8.1). 
where A is the process matrix that contains coefficient ratios of mass or 
energy balances in the system, w is the component unit capacity vector, and z 
is the final output vector. Then, a model developed for simultaneous 
exogenous specifications in the component unit capacity and final output of a 
given system is used. The approach here is based on the method developed for 
linear economic systems (Leung et al., 2007) and industrial networks (Khanna 
and Bakshi, 2009). Equation (8.2) is obtained by rearrangement of Equation 
(8.1). 
zAw   (8.1) 
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For an l × l matrix (i.e., a square matrix or a system with l component 
units with corresponding l main product streams), p is the set of final output 
(e.g., product streams) with exogenous specifications (z1, z2, …, zp). The 
remaining (l - p) set is the exogenous specification of the capacity vector that 
contains the component units with reduced capacity (wp+1, wp+2, …, wl). A’ is 
the p × p matrix containing the elements from the first p rows and first k 
columns in matrix A. A’’ is the (l - p) × p matrix containing the elements from 
the first (l - p) rows and the first p columns in matrix A. B’ is the p × (l - p) 
matrix containing the elements from the first p rows and the last (l - p) 
columns in matrix (–A). B’’ is the (l - p) × (l - p) matrix containing the 
elements from the first (l - p) rows and (l - p) columns in matrix (–A). 
Meanwhile, w’ is p-element column vector containing w1 to wp, which are the 
endogenous capacity of the component units and w’’ is the (l - p) element 
column vector containing wp+1 to wl, which are the component units with 
exogenously specified capacity. z' is the k-element column vector containing 
elements z1 to zp, which are the exogenously defined final outputs. Lastly, z’’ 
is the (l - p) element column vector containing elements zp+1 to zl, which are 
the endogenous final output streams. 
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(8.2) 
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8.3.2 Solution Procedure 
The proposed approach to solve an IL design problem for carbon 
capture, considering its effect on the overall process, is presented in this 
section and summarised in Figure 8-2. 
 
Step 1: Collect all related information of the process that will install carbon 
capture system, which will be used to identify the flowrate and 
conditions output (i.e. input to carbon capture system). 
Step 2:  Identify the total outputs of the process prior to carbon capture using 
IO models. The flowrate and conditions of the output with carbon 
dioxide (CO2) is used to design IL solvent in the following steps. In 
this step, the total amount of CO2 to be captured is also determined. 
Step 3: Identify the design objective and target properties for the IL design 
problem. Based on IL solvent application and specifications, 
objective can be defined and the upper or lower limit of target 
properties is specified as constraints. The operating conditions of the 
carbon capture process are included as part of the optimisation 
objective, because they affect the performance of IL and the process. 
The optimisation objective can be written in general as shown by 
Equation (8.3). 
hgf hg ,         maximise ,   (8.3) 
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Step 1: Collect related information of 
process which will install carbon capture 
system
Step 2: Identify the outputs of process and 
total carbon captured 
Step 3: Identify design objective and target 
properties, define related boundaries for 
target properties
Step 4: Identify prediction models for all 
target properties
Step 5: Select molecular building blocks 
and collect data for all target properties
Step 6: Design optimal IL based on design 
objective and target properties
Step 7: Determine utility consumption of 
carbon capture system
Are these results acceptable?
Step 8: Retrofit the entire process 
according to the requirement
No
Step 9: Finalise the entire process
Yes
 
Figure 8-2: Systematic approach to design IL for a carbon capture system, 
considering the effect of carbon capture system installation 
 
 where hgf ,  is the objective of design problem in temperature range g 
and pressure range h. Equation (8.3) shows that the objective is 
maximised, however maximising or minimising the objective is 
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dependent on the main concern in the process. Disjunctive 
programming is used in this proposed approach to reformulate 
continuous variables of temperature and pressure as piecewise 
functions over discrete domains, as presented in Chapter 5. 
Step 4: Choose an appropriate prediction model for each target property that 
can make accurate estimation. The choice of prediction models is 
important because they will affect the accuracy of the proposed 
approach.  
Step 5: Select suitable molecular building blocks, including organic groups, 
cations, and anions, that can form a complete IL. These molecular 
building blocks are chosen such that IL built using them provides 
properties similar to the conventional solvent. The data of all target 
properties for chosen building blocks are collected. 
Step 6: Based on the design objective, design an optimal IL that can fulfil all 
the target properties, with its optimal operating conditions. Similar to 
mathematical approach presented in Chapters 5 and 7, selectivity of 
other gases over CO2 is not considered in this approach. The 
equilibrium relationships are included, as given in Equation (8.4). 
  Schosen ,, iiiiihi PxyPTPy    (8.4) 
 xi and yi are the mole fractions of component i in liquid and gas 
phases respectively, i is activity coefficient, Pi
S
 is the saturated 
vapour pressure of component i, and φi(T,P,yi) is the gas-phase 
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fugacity coefficient. The activity coefficient is determined using 
UNIFAC model, which details are given in Appendix Section A.2.1. 
Group parameters and binary interaction parameters of IL for 
UNIFAC model presented by Lei et al. (2013) have been used in this 
approach. Gas-phase fugacity coefficient are determined using 
equation of state proposed by Span and Wagner (1996), the details 
are explained in Appendix Section A.2.2. Extrapolated Antoine 
equation was applied to determine saturated vapour pressure of CO2 
(Shiflett and Yokozeki, 2006). Relevant constraints must be included 
to ensure the designed IL solvent is a valid solution to the problem. 
Since carbon capture process involves liquid and gas phases, 
summation of mole fractions for both phases is included as 
constraints. This ensures that vapour faction, yi and liquid fraction, xi 
always sum up to unity, as given by Equations (8.5) and (8.6). 
1
i
iy
 (8.5) 
 
i
ix 1
 (8.6) 
The molecular structure of designed IL must consist of at least two 
building blocks, as shown in Equation (87). Equation (8.8) indicates 
that final IL molecular structure must not have any free bond. In 
Equations (8.7) and (8.8), vk is the number of group k and nk is the 
available free bond of group k. 
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 In a pure IL, only one cation and one anion should occur, and 
therefore Equations (8.9) and (8.10) are added to enforce only one 
pair of cation and anion will be selected. In both equations, αm and βn 
are the binary variables representing each cation m and each anion n, 
respectively. 
 
m
m     1
 (8.9) 
 
n
n  1
 (8.10) 
Step 7: Determine the total utility consumption of carbon capture system 
using designed IL solvent. These are important because they affect 
the final outputs and outcome of the overall process, including 
economic potential and environmental impact. Figure 8-3 shows a 
general process flow diagram for carbon capture process using IL 
solvent, without any integration. As shown in Figure 8-3, power, 
heating and cooling utilities are required, which can be determined 
through basic energy balance or simulation. Users then have to 
decide whether the calculated utilities of carbon capture system are 
feasible and acceptable. If the results are not acceptable, user can 
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proceed to Step 8 to retrofit the entire process, and proceed to Step 9 
if the results are acceptable. 
Step 8: Carry out retrofit on the entire process, including carbon capture. 
Different approaches can be done to reduce the utilities consumption 
of carbon capture system. For example, heat integration can be done 
to reduce the heating and cooling utilities, at the same time reduce 
operating cost.  
Step 9: Finalise the entire process together with carbon capture system, when 
the utilities consumption are determined in Step 7 or Step 8. 
 
8.4 Case Study 
A case study adapted from Andiappan et al. (2015) is presented here to 
demonstrate the proposed approach. In this case study, the carbon capture 
system will be installed in an existing palm-based biomass tri-generation 
system (BTS). Biomass, which originates from plants or plant-based materials, 
has long been investigated as a substitute for fossil fuels (Kheshgi et al., 
2000). Plant-based materials consume carbon dioxide (CO2) during 
photosynthesis, energy production using biomass (hereinafter named bio-
energy production) later releases CO2 into the atmosphere (Naik et al., 2010). 
In other words, bio-energy production is deemed CO2 neutral as it results in 
zero net or minimum increase of CO2 in the atmosphere (Naik et al., 2010).  
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Figure 8-3: Process flow diagram for carbon capture system using IL solvent 
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Following this, several studies (Kraxner et al., 2003; Möllersten et al., 
2004; Ooi et al., 2013) highlighted the potential of integrating bio-energy 
production with carbon capture, or in short bio-energy with carbon capture 
(BECC). Capturing CO2 from biomass burning result in negative CO2 
emissions, yields zero net CO2 and also removes CO2 from the atmosphere 
(Möllersten et al., 2003). Such capability allow bio-energy systems to store 
more carbon than they emit, making a critical step towards a zero-carbon 
future (Sanders, 2015).  
 
Figure 8-4 shows the schematic diagram of an existing palm-oil based 
BTS, which utilises several types of palm-based biomass as feedstock to 
produce cooling, heating, and power simultaneously. For instance, palm 
mesocarp fibre (PMF) and empty fruit bunches (EFBs) are combusted in water 
tube boilers to produce high pressure steam for heat and power generation. On 
the other hand, palm oil mill effluent (POME) is treated in an anaerobic 
digester, resulting in production of biogas. The biogas (65% methane and 35% 
CO2) produced is then purified and sent to gas turbines for power generation. 
Flue gas released from BTS contains high amount of CO2, and the purpose of 
carbon capture system installation is to separate CO2 from flue gas as a by-
product. In this respect, the objective of this case study is to design a suitable 
IL solvent for post-combustion carbon capture within BECC scheme.  
 200 
 
 
HST2 HST3 HST4
MST2 MST3
HP Header
LP Header
Cooling Tower, CT
GT2 GT3 GT4
MP Header
Water Return 
+ Fresh Water
LPS
GT1
HRSG WTB1
Anaerobic Digester, AD
Mechanical 
Chiller, MCH
Dryer, DR
Flue Gas
Flue Gas Flue Gas Flue Gas
Max: 
12 kg/s
Max: 
12 kg/s
Max: 
12 kg/s
WTB2
Max: 10000 kg/h Water
Water
Chilled Water
POME
Biogas
MM1
Membrane Separation
MM2
Biomethane
MM3
Generated 
Power
EFB PMF
MST1
HST1
 
Figure 8-4: Existing palm oil-based BTS 
 
8.4.1 Step 1: Collect related information of process which will install 
carbon capture system 
Firstly, all related information of the palm oil-based BTS was collected. 
Table 8-1 shows a list of equipment in the BTS, along with the mass and 
energy balances of each technology within the operating BTS, where positive 
and negative values denote outputs and inputs respectively. These values were 
obtained from the design stage presented in Andiappan et al. (2015).  
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Table 8-1: Mass and energy balance data for technologies in palm-based BTS 
  AD MM1 MM2 GT1 GT2 GT3 HRSG WTB1 DR 
POME (kg h
-1
) -55500.000 
       
 
Biogas (kg h
-1
) 319.130 -159.565 -159.565 
     
 
Biomethane (kg h
-1
) 
 
157.965 157.965 -105.310 -105.310 -105.310 
  
 
Power (kW) 
 
-47.870 -47.870 416.300 416.300 416.300 
  
 
High Temp. Flue Gas (kg h
-1
) 
   
526.570 526.570 526.570 -1579.710 
 
 
Released Flue Gas (kg h
-1
) 
      
1579.710 32558.010  
Return Water (kg h
-1
) 
        
 
Cooling Water (kg h
-1
) 
      
-1671.840 -39268.050  
Chilled Water (kg h
-1
) 
        
 
EFB (kg h
-1
) 
        
-16875.000 
PMF (kg h
-1
) 
        
-9245.300 
Dried Biomass (kg h
-1
) 
       
-11950.800 11950.800 
HPS (kg h
-1
) 
      
1671.840 39268.050  
MPS (kg
 
h
-1
) 
        
 
LPS (kg h
-1
)                 -12814.880 
AD, anaerobic digester; MM, membrane separator; GT, gas turbine; HRSG, heat recovery steam generator; WTB, water tube boiler; DR, dryer; 
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Table 8-1: (Continued) 
  CT MCH HST1 HST2 HST3 MST1 MST2 Final Output 
POME (kg h
-1
) 
       
-55500.000 
Biogas (kg h
-1
) 
       
0.000 
Biomethane (kg h
-1
) 
       
0.000 
Power (kW) 
 
-6.310 453.220 453.220 453.220 161.600 161.600 2781.840 
High Temp. Flue Gas (kg h
-1
) 
       
0.000 
Released Flue Gas (kg h
-1
) 
       
34137.720 
Return Water (kg h
-1
) -57218.000 
      
-57218.000 
Cooling Water (kg h
-1
) 56218.000 -279.000 
     
14999.110 
Chilled Water (kg h
-1
) 
 
1000.000 
     
1000.000 
EFB (kg h
-1
) 
       
-16875.000 
PMF (kg h
-1
) 
       
-9245.300 
Dried Biomass (kg h
-1
) 
       
0.000 
HPS (kg h
-1
) 
  
-13646.630 -13646.630 -13646.630 
  
0.000 
MPS (kg
 
h
-1
) 
  
13646.630 13646.630 13646.630 -20469.945 -20469.945 0.000 
LPS (kg h
-1
)           20469.945 20469.945 28125.010 
CT, cooling tower; MCH, Mechanical chiller; HST, high pressure steam turbine; MST, medium pressure steam turbine 
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8.4.2 Step 2: Identify the outputs of process and total carbon 
captured 
As shown in Figure 8-2, the outputs from BTS and the total carbon 
captured were identified in this step. In this case study, the existing mass and 
energy balances of BTS were represented using the input-output (IO) 
modelling approach presented in Section 8.3.1. Based on the IO modelling 
approach, the process matrix A consists of the first 15 data rows and first 16 
data columns as shown in Table 8-1, meanwhile the last column constitutes 
the final output vector z. Each column in matrix A is considered a process 
vector wherein key mass or energy balances are presented as ratios and are 
assumed to be scale-invariant. Following this, the final input and output for the 
BTS is given in Figure 8-5. The amount of flue gas produced is 34,138 kg h
-1
 
at an average temperature of 873.15 K. The flue gas stream consists of CO2 
and water vapour, their respective compositions are 72 wt% and 18 wt%. The 
total amount of carbon captured should be specified to fulfil CO2 emission 
standard. However, there is no CO2 emission standard for industry in Malaysia 
(Department of Environment, 2010), therefore a 90% of carbon captured was 
used in this case study for illustration purpose. 
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Biomass Tri-
generation System
Flue Gas: 34,138 kg/h 
Power: 2,782 kW
Cooling Water: 15,000 kg/h
Chilled Water: 1,000 kg/h
Low Pressure Steam : 28,125kg/h
Empty Fruit Bunches: 16,875 kg/h
Palm Mesocarp Fiber: 9,245 kg/h
Water: 57,218 kg/h
POME: 55,500 kg/h
 
Figure 8-5: IO model for BTS 
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8.4.3 Step 3: Identify design objective and target properties, define 
related boundaries for target properties 
In this step, the design objective and all influential properties related to 
the process was identified. Since the ionic liquid (IL) is designed for carbon 
capture purpose, CO2 solubility (S) of IL is set as the design objective and it 
should be maximised in this case study. Two other properties were considered 
in this case study, namely density () and viscosity (). Density is the basic 
transport property, viscosity affects the pumping power requirement and 
operating cost (Kuhlmann et al., 2007). The target ranges for these properties 
are included in Table 8-2. The designed IL solvent should possess similar 
properties as conventional carbon capture solvent, i.e. ethanolamines. Hence, 
the ranges of target properties are set according properties of ethanolamines 
(The Dow Chemical Company, 2003). Viscosity of designed IL solvent should 
be as low as possible to minimise pumping power required to circulate it 
within the process. Therefore, the target range of viscosity is set to be below 
0.1 Pa.s (Bonhôte et al., 1996). 
 
Table 8-2: Target property ranges to design IL solvent 
Property Lower bound Upper bound 
Density,  (g cm-3) 1.0 2.0 
Viscosity,  (Pa.s) 0 0.1 
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8.4.4 Step 4: Identify prediction models for all target properties 
Appropriate prediction models were selected in this step, to predict the 
properties of designed IL. Equations (8.11) to (8.15) are prediction models to 
estimate density (Gardas and Coutinho, 2008a) and viscosity (Gardas and 
Coutinho, 2008b). Equation (8.16) was used to determine CO2 solubility of 
ILs, S in terms of kmole CO2 per kmole IL.  
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 (8.15) 
ILCO xxS 2  (8.16) 
 
In Equation (8.11), ρ is IL density in g cm-3, M is IL molecular weight 
in g mol
-1
, N is the Avogadro constant (given as 0.6022), V is the molecular 
volume of IL in Å
3
, the coefficients a, b and c were estimated as 0.8005, 6.652 
× 10
-4
 K
-1
 and -5.919 × 10
-4
 MPa
-1
 respectively. Equation (8.12) shows that 
molecular volume of IL is equivalent to the sum of molecular volume of each 
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group k (Vk) that occurs in the structure. In Equation (8.13), μ is IL viscosity in 
Pa.s, A,k and B,k in Equations (8.14) and (8.15) are contributions of group k 
to parameters A and B.  
 
8.4.5 Step 5: Select molecular building blocks and collect data that 
fulfils all target properties 
Suitable molecular building blocks were chosen in this step. Table 8-3 
shows the molecular fragments chosen for this design problem. These 
molecular fragments were chosen because they are among the most widely 
studied cations and anions (Zhou et al., 2009). For these selected molecular 
building blocks, the relevant data of each target property is given in Table 8-4, 
as well as the number of free bond for each functional group. These data were 
obtained from Gardas and Coutinho (2008a, 2008b), according to the selected 
prediction models in Section 8.4.4. 
 
Table 8-3: Organic function groups, cation cores, and anions considered in 
this case study 
Type k Groups  Type k Groups 
Organic groups 1 CH3  Anions 5 [BF4]- 
 2 CH2   6 [PF6]- 
Cation cores 3 [Mim]+   7 [Cl]- 
 4 [Im]+     
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Table 8-4: Free bond number, molecular weights, and data for target 
properties of all molecular building blocks 
Building 
blocks 
k 
kn  Molecular weight (g 
mol
-1
) 
kV  ,kA  ,kB  
CH3 1 1 15.03 35 -0.74 250.0 
CH2 2 2 14.03 28 -0.63 250.4 
[Mim]
+ 
3 1 82.10 119 7.30 1507.1 
[Im]
+ 
4 2 67.07 79 8.04 1257.1 
[BF4]
- 
5 0 86.80 73 -18.08 1192.4 
[PF6]
- 
6 0 144.96 107 -20.49 2099.8 
[Cl]
-
 7 0 35.45 47 -27.63 5457.7 
 
8.4.6 Step 6: Design optimal IL based on design objective and target 
properties 
As presented in Section 8.4.3, the design objective in this case study is 
to maximise the CO2 solubility of IL, and therefore it was translated into 
Equation (8.17). 
gSg       max  (8.17) 
where gS  stands for the solubility of CO2 in selected IL in temperature range 
g. For illustration purpose, only the effect of temperature was included in this 
case study. The operating pressure was fixed at 0.7 MPa (i.e. Ph
chosen
 = 0.7 
MPa); while the operating temperature was modelled as variable, ranging from 
323.15 to 373.15 K. The operating temperature was broken down into five 
ranges and each temperature range was represented by its midpoint, as 
illustrated in Figure 8-6. Nevertheless, this approach can be used to study the 
effect of pressure or both the temperature and pressure, as shown in Chapter 7.  
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T (K)
323.15 333.15 343.15 353.15 363.15 373.15
328.15 338.15 348.15 358.15 368.15
 
Figure 8-6: Midpoints for all temperature ranges considered in this case study 
 
Using data shown in Step 2, formulation of MINLP model given in the 
following equations was solved to design IL solvent for this case study. 
ggg xxS IL,,CO2max   (8.18) 
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Equation (8.18) is the objective function formulated using Equations 
(8.16) and (8.17). Equations (8.19) and (8.20) are included to determine 
operating temperature range for carbon capture process; while Equation (8.21) 
keeps the pressure fixed as it is not part of the objective for this example. 
Equations (8.22) and (8.23) estimate IL density and viscosity that are 
formulated based on Equations (8.11) to (8.15). Equations (8.24) are used for 
CO2 solubility calculation, based on Equations (8.4) to (8.16). The remaining 
equations are structural constraints formulated from Equations (8.5) to (8.10).  
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The optimum IL was determined as [C10MIm][BF4], i.e. 1-decyl-3-
methylimidazolium tetrafluoroborate; while the optimal operating temperature 
range is determined as 323.15 to 333.15 K. This results means that 
[C10mim][BF4] has the highest CO2 solubility among all possible 
combinations of cation and anion in the identified temperature range. It has a 
predicted solubility of 0.1320 at 328.15 K and 0.7 MPa, and its viscosity is 
predicted to be 0.08627 Pa.s, which is lower than the upper limit. However, 
there is no solubility data for this IL in literature, and hence no comparison 
can be conducted at this time. This is the advantage of using the presented 
approach where new or novel IL solvent can be obtained, even in the absence 
of experimental data. Nine other alternatives were determined by doing integer 
cuts, along with their respective optimal operating temperature range, and the 
results are shown in Table 8-5. The full names of all cations and anions are 
given in nomenclature. As shown, the results obtained by solving this model 
corresponds to the best ILs that one could find from allowed combinations of 
anions and cations. This means that the proposed approach provides optimal 
structure of IL for CO2 absorption, according to the given specifications or 
performance targets. 
  
Predicted solubility is then compared with available experimental data, 
using Equation (8.31). The relative deviations between literature experimental 
solubility data and predicted solubility data are shown in Table 8-5. Currently, 
experimental data is only available for two ILs, both show very low relative 
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deviations (less than 10 %). The small difference occurs mainly due to the 
errors present in the chosen prediction models.  
 
8.4.7 Step 7: Determine utility consumption of carbon capture 
system 
[C10MIm][BF4] has the highest CO2 solubility according to results in 
Table 8, hence it was chosen as the carbon capture solvent for the BECC 
scheme in this case study. In this step, the utility required by carbon capture 
system using [C10MIm][BF4] as solvent was determined. As presented in 
Figure 8-3, power, heating and cooling utilities are required, they are 
calculated using basic energy balance equations. In Step 3, the production of 
BTS was identified to be 2782 kW of power, 28125 kg h
-1
 of low pressure 
steam (LPS), and 15000 kg h
-1
 of cooling water, correspond to 24579.36 kg h
-1
 
of CO2. 90% of this generated CO2 were stated to be captured in carbon 
capture system. A basic energy balance was carried out to determine the 
power consumed to circulate IL solvent within the system, using Equations 
(8.32) and (8.33). 
100
data alExperiment
 valuePredicteddata alExperiment
Deviation Relative 


 
(8.31) 
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Table 8-5: Optimal IL molecular design results 
IL chosen Chosen system temperature, 
Tg
chosen
 (K) 
Predicted viscosity, 
µ (PA.s) 
Predicted CO2 
solubility, gS  
Experimental solubility Relative deviation, 
RD (%) 
[C10MIm][BF4] 328.15 0.08627 0.1320 - - 
[C12MIm][BF4] 338.15 0.07121 0.1233 - - 
[C9MIm][BF4] 328.15 0.07312 0.1231 - - 
[C11MIm][BF4] 338.15 0.06182 0.1163 - - 
[C8MIm][BF4] 328.15 0.06193 0.1141 0.1117 (Gutkowski et al., 
2006) 
2.15 
[C10MIm][PF6] 338.15 0.09281 0.1091 - - 
[C7MIm][BF4] 328.15 0.05243 0.1049 - - 
[C9MIm][PF6] 338.15 0.08133 0.1022 - - 
[C6MIm][PF6] 328.15 0.08747 0.0978 0.1086 (Shariati and 
Peters, 2004) 
9.97 
[C8MIm][PF6] 338.15 0.07129 0.0951 - - 
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W is the pumping power in kW, ILVF  is IL volumetric flowrate in m
3
 h
-1
, 
2CO
m is the mass flowrate of CO2 in kg h
-1
 and P is the pressure difference in 
kPa. Pumping power required by carbon capture system was calculated as 
193.90 kW.  
 
The heating utility was obtained through simulation using Aspen 
HYSYS version 8.4, which is 10567 kW. The total amount of LPS needed by 
carbon capture system was calculated using Equation (8.34). 
Q
H
 is the heating power in kW, LPSm  is the flowrate of LPS in kg h
-1
 and h is 
the difference in specific enthalpy in kJ kg
-1
. According to calculation, 
14619.56 kg h
-1
 of LPS is required to heat up CO2 rich solvent prior to IL 
solvent regeneration. The cooling utility was determined as 370.28 kW using 
the same simulation.  
 
gS
m
VF 2
CO
IL 
 
(8.32)  
3600
IL PVFW


 
(8.33)  
3600
LPSH hmQ


 
(8.34) 
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Equation (8.37) was used to determine the total amount cooling water 
required by carbon capture system. In Equation (8.37), Q
C
 is the cooling 
power in kW and CWm is the cooling water flowrate in kg h
-1
. The total 
amount of cooling water needed by carbon capture system is 14376.27 kg h
-1
. 
From the results, it was concluded that all utilities can be provided by bio-
energy system. However, the production from bio-energy system is actually 
for other purposes and does not consider the parasitic loads by carbon capture 
system initially. Hence, these extra utilities can either be supplied from 
external sources, or the bio-energy system can be retrofitted to cover them.  
 
8.4.8 Step 8: Retrofit the entire process according to the 
requirement 
Once the utilities required by carbon capture system were calculated, 
the integrated bio-energy system would require adjustments in output. Since 
bio-energy system is producing energy itself, the outputs from BTS can be 
increased to supply to carbon capture system. If the utilities required by the 
carbon capture system are more than what can be delivered by bio-energy 
system, the bio-energy system would require retrofitting. However, once the 
bio-energy system is retrofitted to produce more utilities, it will consequently 
produce more CO2 and higher amount of utilities required by carbon capture 
system to maintain same total carbon removal (i.e. 90% removal in this case 
3600
CWC hmQ


 
(8.35) 
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study). For illustration purpose, all three utilities (i.e. power, heating and 
cooling) were studied, and comparisons were done between the outputs from 
BTS and requirements by BECC using [C10MIm][BF4] solvent. Figure 8-7 to 
Figure 8-9 show the difference between the outputs and requirements in entire 
process. It can be seen that for all three utilities, there are big gaps between the 
productions and requirements at the beginning. If the productions are lower 
than requirement, the system required utility supply from external sources. 
When the productions from BTS are increased, the gaps are getting narrower 
until productions meet requirements, this is the point where the whole system 
is self-sustainable and no purchasing of utilities is required from other sources. 
If productions are increased upon this point, productions will exceed the 
requirements of the system and they can be sold for profits.  
 
 
Figure 8-7: Comparison of power output from BTS and power consumption 
by BECC 
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Figure 8-8: Comparison of heating output from BTS and heating utility 
consumption by entire process 
 
 
Figure 8-9: Comparison of cooling output from BTS and cooling utility 
consumption by entire process 
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According to Figure 8-7, power requirement of carbon capture system 
can be met when the total power production of BTS is 3000 kW and the 
corresponding CO2 produced is 26500 kg h
-1
. When the power production is 
less than 3000 kW, carbon capture system requires supply from external 
sources. Meanwhile, there is extra power produced from BTS and can be sold 
to third party, when the power production is more than 3000 kW. Similarly, 
heating utility requirement of carbon capture system is met when the total 
heating output is 43000 kW as shown in Figure 8-8, with 51000 kg h
-1
. The 
cooling utility required by carbon capture system can be supplied completely 
by BTS when the output is 11500 kW and CO2 generated is 815000 kg h
-1
.  
 
8.4.9 Step 9: Finalise the entire process 
Using Figure 8-7 to Figure 8-9, user can decide how the BECC system 
should be retrofitted. For this case study, user can choose to fulfil power, 
heating utility or cooling utility required by carbon capture system. If BTS is 
retrofitted to fulfil power requirement only, heating and cooling utilities from 
external sources are required to run the carbon capture system. If decision is 
made to fulfil required heating utility, power requirement is fulfilled as well 
but cooling utility should be purchased from external source. All required 
utilities are fulfilled when cooling utility if fulfilled through retrofitting bio-
energy system.  
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8.5 Summary 
A systematic approach is presented in this chapter to integrate ionic 
liquid (IL) design and process design, where IL can be designed as a carbon 
capture solvent and applied to newly installed carbon capture system. Using 
the proposed approach, IL solvent for carbon capture purpose can be designed, 
followed by retrofitting of process to accommodate utility requirement by 
carbon capture system. Input-output (IO) model was applied to determine the 
outputs from the process that will have carbon capture system installed. 
Computer-aided molecular design (CAMD) was employed to solve IL design 
problem, identifying an optimal IL and operating conditions of carbon capture 
system, based on carbon capture performance and relevant constraints. The 
whole process can be retrofitted later according to the results from solving IL 
design problem. A case study was solved to demonstrate the integration 
between biomass tri-generation system (BTS) and carbon capture system to 
produce multiple energy sources and carbon dioxide (CO2) as products. A 
simple graphical tool is also presented to assist decision making on retrofitting 
of process on productions and requirements within the entire system. In future 
work, the economic performance of entire system can be included to 
understand the trade-off between different aspects, including economic, 
environmental issue and feasibility of the process. 
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CHAPTER 9 
 
CONCLUSIONS AND FUTURE WORKS 
 
This chapter concludes all the works done throughout the study, with 
the achievements and potential future works in this area of interest. The 
research gaps presented in Chapter 3 have been successfully filled in through 
the development of different methodologies, and thus made a breakthrough in 
the area of designing ionic liquid (IL) solvent for carbon capture purpose. 
However, there are still some aspects not considered throughout this research, 
and can be further studied in the future.  
 
9.1 Achievements 
This thesis presents novel approaches that were developed to aid the 
design process of ionic liquid (IL) or IL mixture solvent for carbon capture 
purpose. The main achievement of this work is the development of different 
novel methodologies to design and select IL-based solvent, and integrating IL 
design problem with process design problem. The detailed explanation of each 
achievement is given below. 
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9.1.1 Development of insight-based methodology to design IL 
solvents for carbon capture purpose 
A new insight-based visualisation tool was developed, based on visual 
approach for process design and molecular design, to identify potential IL 
solvents to capture carbon dioxide (CO2) specifically. Multiple properties can 
be considered simultaneous to design an IL solvent. The IL design problem 
can be solved via multi-objective optimisation, but it can be complicated and 
not user-friendly. This systematic visual approach allows transformation of IL 
design problem onto a ternary diagram and provides useful insights to user 
about the problem and solutions. Design and optimisation rules were 
developed to aid the pure IL solvent design or selection process. 
 
9.1.2 Development of a systematic approach to determine optimal 
IL-based carbon capture solvent 
A novel systematic mathematical approach to determine optimal IL 
specifically for CO2 absorption has been presented. This approach is based on 
a well-established methodology for organic solvent design, namely the 
computer-aided molecular design (CAMD) approach. CAMD was previously 
applied for organic compound design, and it is now extended to solve IL 
design problem as well. Using the proposed approach, IL design problem can 
be formulated as a mixed integer non-linear programming (MINLP) model, 
targeting a single design objective and all relevant properties. The presented 
approach utilises appropriate prediction models to predict the thermophysical 
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properties of ILs. The allowed combinations of cations, anions, and organic 
groups have been introduced as structural constraints to ensure the designed 
ILs are realistic and feasible structurally. 
 
9.1.3 Extension of insight-based approach to identify pure IL and 
IL mixture solvents for carbon capture system 
Pure IL solvents do not always fulfil the target properties, due to the 
conflicting nature of some properties. For example, ILs with higher CO2 
solubility have higher viscosities, high CO2 solubility is desired for carbon 
capture purpose but high viscosity increase operating cost. To overcome such 
situations, IL mixture can be used instead. An original systematic visual 
approach, which is an extension of approach discussed in Section 9.1.1, is 
presented to solve IL and IL mixture design problem. This developed 
approach is also based on property clustering technique. Currently, there is 
very little study on properties of IL mixtures, and limited property prediction 
models for IL mixtures. This was considered as well during the development 
of the presented approach, where the approach can utilise both the prediction 
models and experimental data to estimate properties of mixtures. The 
presented approach is useful as it can guide user to determine potential 
mixture prior to exhaustive experimental works, and hence save time and 
reduce cost.  
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9.1.4 Development of an mathematical approach to determine 
optimal IL solvent and the corresponding optimal operating 
conditions for carbon capture purpose 
As a first step to integrate IL design and process design, the developed 
mathematical approach was further improved to simultaneously determine the 
optimal operating conditions of the designed IL in carbon capture process. The 
operating conditions of carbon capture process have been introduced as part of 
the optimisation objective. They can be modelled to be variables, which will 
be targeted by the approach simultaneously during IL design stage. Using this 
approach, wide range of temperatures and pressures can be included into the 
model, and they will be broken down into smaller ranges. Each range is 
represented by the midpoint, the temperatures and pressures are then modelled 
as discrete variables via disjunctive programming. This reduces the 
complexity of the model and the search space for optimal result, which ease 
the process of solving this model.  
 
9.1.5 Integration of IL design and process design, considering the 
effects of IL solvent selection on whole process 
Following the consideration of operating conditions in IL design, the 
integration of IL design and process design has been presented in this thesis as 
well. This proposed approach allows the design of IL solvent and retrofitting 
of overall process to accommodate utility requirement by carbon capture 
system. Input-output (IO) model was applied to identify the outputs from the 
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process that will be installing carbon capture system; CAMD was employed to 
identify optimal IL and operating conditions of carbon capture system similar 
to previously developed mathematical approaches. The effect of IL-based 
solvent choice on the whole process can be seen clearly using this presented 
approach, and designers can study and retrofit the whole process accordingly. 
 
9.2 Future Works 
During the development of presented approaches, there were some 
factors not taken into consideration. There are still opportunities to further 
improve and extend these approaches or advance the study in this research 
area of ionic liquid (IL) design.  
 
9.2.1 Consideration of economic, environmental, safety, and health 
performances in integration of IL design and process design 
As demonstrated in the thesis, the economic, environmental, safety and 
health performances of process are not considered in all the methodologies. 
The developed approaches are not taking these performances into 
consideration, but they are very important to the industry and surroundings. To 
have a better overview on the process, these can be considered in the future 
during development of approaches for integrated IL and process design. 
Proposed approach in Chapter 8 can be further improved to inclusion of total 
annualised cost, environmental impact, safety and health factors during the 
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retrofitting of process. With these additions, designers can understand the 
process in a more comprehensive way regarding performance of IL solvent, 
economic, environmental, safety and health aspects of the overall process.  
 
9.2.2 Integration of models with new experimental data to further 
improve the accuracy of developed approach 
The importance and possibility of integrating new experimental data 
into visualisation approach to design IL mixture were discussed in Chapter 6. 
Apart from the presented visualisation tool, the mathematical approaches can 
consider this aspect as well. Since IL and IL mixture design is relative new 
area, there is a need to consider newly available experimental data in the 
model to widen the applications and improve the accuracy of model. It will be 
more convenient for designers with experimental background to solve the IL 
design problem, with the combination of computer-aided molecular design 
(CAMD) and real time integration with experimental data. 
 
9.2.3 Extension of developed approaches into different research 
areas 
As discussed in Section 2.2.1, ILs have been reported for various 
industrial applications, such as heat transfer fluids, biotechnological process, 
and pre-treatment of lignocellulosic biomass. Similar to the problems 
presented in this thesis, selection of ILs specifically for one task can be time 
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consuming and costly due to huge number of ILs available. Hence, to 
overcome such problems, the developed approaches can be extended to design 
ILs or IL mixtures for different purposes. Other than that, the proposed 
approach in Chapter 6 can be useful to biorefinery design and research as well, 
where the experimental data can be integrated into modelling. Biorefinery 
design and research involves biomass, which is a mixture of different 
compounds. Its properties are not predictable, and this makes the property 
prediction process difficult. When the model can accommodate experimental 
data to predict the properties of biomass, the modelling work for biomass-
based research or design will be more convenient. Apart from that, the 
presented approach in Chapter 7 can be applied to selection of solvent from 
organic compounds by considering operating conditions simultaneously, as 
performance of solvent is generally affected by the conditions. 
 
9.2.4 Further improvement on property prediction models for IL 
and IL mixture 
The study of ILs is considered scarce as there are too many possible IL 
systems to be studied. The currently available property prediction models for 
IL were developed based on commonly studied IL only. It is necessary to 
experiment and study different cations and anions, to obtain new data and 
improve currently available prediction models. Besides that, some properties 
cannot be estimated directly using simple prediction models. These properties 
include carbon dioxide (CO2) solubility and selectivity of gases in IL. It would 
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be beneficial if simple prediction models can be developed for such properties 
and ease the model solving process. In addition, it is necessary to study and 
develop predictive models for properties of IL mixture. This is always 
necessary because a reliable prediction model is required to solve product 
design problem. The properties that will be useful for carbon capture solvent 
design are heat of vaporisation, heat capacity, and CO2 solubility. These 
models can be generated through regression after collecting enough data 
points from laboratory. The major challenge is the existence of 10
18
 possible 
IL (binary and ternary) mixtures. It is difficult to study all mixtures and relate 
them in prediction models. This can possibly be overcome by estimating the 
properties of mixtures based on functional groups instead of IL constituents.  
 
9.2.5 Inclusion of Design of Experiments as proof of concept 
A Design of Experiments (DoE) approach is a structured methodology 
that can be applied to identify critical and non-critical parameters, as well as 
the interactions between these parameters within a process. This systematic 
tool can be used to solve different engineering problem, including studying the 
effect of a parameter in a process, ranking the effects of parameters to a 
process, modelling and optimising a process. The approaches presented in this 
thesis are new and should be proven to be feasible. DoE approach can be 
applied, in order to confirm the developed models have high predictive power 
and high accuracy. It can also be used to study the effect of different IL 
properties to carbon capture process and overall process.  
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APPENDIX 
 
A.1 Data 
Table A-1: Coefficients and exponents for Span-Wagner equation of state  
i ni di ti      
1 0.38857 1 0.00      
2 2.93855 1 0.75      
3 -5.5867 1 1.00      
4 -0.7675 1 2.00      
5 0.31729 2 0.75      
6 0.54803 2 2.00      
7 0.12279 3 0.75      
         
i ni di ti ci     
8 2.1659 1 1.5 1     
9 1.58417 2 1.5 1     
10 -0.2313 4 2.5 1     
11 0.05812 5 0.0 1     
12 -0.5537 5 1.5 1     
13 0.48947 5 2.0 1     
14 -0.0243 6 0.0 1     
15 0.06249 6 1.0 1     
16 -0.1218 6 2.0 1     
17 -0.3706 1 3.0 2     
18 -0.0168 1 6.0 2     
19 -0.1196 4 3.0 2     
20 -0.0456 4 6.0 2     
21 0.03561 4 8.0 2     
22 -0.0074 7 6.0 2     
23 -0.0017 8 0.0 2     
24 -0.0218 2 7.0 3     
25 0.02433 3 12.0 3     
26 -0.0374 3 16.0 3     
27 0.14339 5 22.0 4     
28 -0.1349 5 24.0 4     
29 -0.0232 6 16.0 4     
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Table A-1 continued 
i ni di ti ci     
30 
31 
0.01236 
0.00211 
7 
8 
24.0 
8.0 
4 
 
    
    
32 -0.0003 10 2.0      
33 0.0056 4 28.0      
34 -0.0003 8 14.04      
         
i ni di ti i i i i  
35 -213.65 2 1 25 325 1.16 1  
36 26641.6 2 0 25 300 1.19 1  
37 -24027 2 1 25 300 1.19 1  
38 -283.42 3 3 15 275 1.25 1  
39 212.473 3 3 20 275 1.22 1  
         
i ni ai bi i Ai Bi Ci Di 
40 -0.6664 3.5 0.875 0.3 0.7 0.3 10 275 
41 0.72609 3.5 0.925 0.3 0.7 0.3 10 275 
42 0.05507 3.5 0.875 0.3 0.7 1 12.5 275 
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A.2 Equations 
A.2.1 UNIFAC Model 
UNIFAC model is a well-established method to estimate activity 
coefficient and it is expressed as a function of composition and temperature, as 
shown in Equations (A.1) to (A.9).  The model consists of a combinatorial 
contribution, ln γi
C
, which is essentially due to the differences in size and 
shape of the molecules, and a residual contribution, ln γi
R
, which is due to 
energetic interactions (Skjold-Jørgensen et al., 1979). 
R
i
C
ii γγγ  ln ln ln   
(A.1) 
 
The combinatorial contribution can be determined using Equations 
(A.2) to (A.3). 
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(A.3) 
where xj is the mole fraction of group j. 
 
Pure component parameters ri is relative to molecular van der Waals 
volumes; while qi is relative to molecular surface areas.  They are calculated 
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as the total of the group volume and group area parameters, Rk and Qk, as 
shown in Equation (A.4).   
 
k
k
i
ki
k
k
i
ki QvqRvr
)()(
      ;
 
(A.4) 
 
Residual contribution of the component can be determined as follows: 
 
k
i
kk
i
k
R
i v ]ln[lnln
)()(

 
(A.5) 
where K is the residual activity coefficient of group k, and K
(i)
 is the residual 
activity of group k in reference solution containing only molecules of type i.  
These can be determined using Equations (A.6) and (A.7). 
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where Xm is the fraction of group m in the mixture.  The group interaction 
parameter mk is defined by Equation (A.8). 
  Tanmnm  exp  (A.8) 
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Parameter anm characterises the interaction between groups n and m.  For each 
group-group interaction, there are two parameters anm and amn, which are not 
the same. 
 
CH3 groups present in the cation of the selected IL should be 
quantified and added to the UNIFAC model calculation. Therefore, the 
equation below was included. 
m
m
mmCHCH vGg  ,33
 
(A.9) 
where gCH3 is the number of CH3 groups in the selected cation, GCH3,m is the 
number of CH3 group in the individual cation structure. 
 
A.2.2 Gas-Phase Fugacity Coefficient 
Gas-phase fugacity coefficient for CO2 is determined using equation of 
state for CO2 proposed by Span & Wagner (1996). 
 rrri    1lnln  (A.10) 
where φi is the gas-phase fugacity coefficient of component i,  = ρ/ρc is the 
reduced density, and the other variables are determined using the following 
equations: 
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In these equations,  = Tc/T is the inverse reduced temperature, while 
other coefficients are given in Table A-1 (Span & Wagner, 1996).  
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(A.15) 
 
The derivatives of the distance function i
b  and exponential function 
  are given as follows: 
 
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b  (A.16) 
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 

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12 

iC  (A.17) 
where Critical density, ρc and critical temperature, Tc of CO2 are given as 
0.4676 g cm
-3
 and 304.1282 K respectively. 
